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ABSTRACT 
 
This dissertation presents analyses of the microphysical structure and processes 
producing precipitation in the comma-head region of cold-season continental cyclones, using 
data collected by the W-band Wyoming Cloud Radar and in-situ instrumentation aboard the 
NSF/NCAR C-130 research aircraft during the 2009-10 Profiling of Winter Storms (PLOWS) 
field campaign. The analyses describe the characteristics both of convective generating cells at 
cloud top, and regions of stratiform cloud further below, in which convectively-generated fall 
streaks of hydrometeors were embedded. Measurements were obtained within convective 
generating cells occurring at cloud top in 11 cyclones at temperatures between -10 and -55°C, 
and in regions of stratiform cloud in 14 cyclones at temperatures between -4 and -45°C. Detailed 
descriptions are presented of the generating cell characteristics in an individual cyclone, as well 
as statistical analyses of the entire generating cell data set, followed by a corresponding case 
study and large-scale statistical analysis of the full stratiform data set. 
Within the generating cell regions, ice particle number concentrations averaged 1.9 times 
larger inside generating cells compared to outside, and derived ice water contents and median 
mass dimensions averaged 2.2 and 1.1 times larger in cells. Supercooled water was directly 
measured at temperatures between -31.4 and -11.1°C, with the median and 95th percentile liquid 
water content increasing from ~0.09 to 0.12 g m-3 and 0.14 to 0.28 g m-3 over this temperature 
range. Liquid water was present in 26% of observations within cells and 18% of observations 
between cells over the same temperature range, and was nearly ubiquitous at temperatures 
above -16°C.  
The larger ice particle concentrations in generating cells are consistent with greater ice 
production in convective updrafts. The increased mass and size of the ice particles demonstrate 
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that generating cells provide environments favorable for enhanced particle growth. The impact of 
water saturation and supercooled water in the cells was evident, with rapid particle growth by 
diffusion and sometimes riming apparent, in addition to aggregation. Turbulent mixing lessened 
the observed differences between cells and surrounding regions, with supercooled water 
observed within and between cells, similar habits within and between cells, and rimed particles 
evident even in ice-phase conditions. 
Within the stratiform regions, ice-phase conditions predominated, with deposition and 
aggregation the primary growth mechanisms. Larger particle sizes and integrated mass were 
commonly observed relative to measurements in generating cells at similar temperatures, with 
the relative difference generally increasing with temperature, providing evidence that primary ice 
growth occurs below the generating cell level. Furthermore, while ice growth occurred both 
within and between convectively-generated fall streaks, ice number concentrations averaged 
approximately 1.9 times larger within compared to between the fall streaks, and the derived ice 
water contents and median mass dimensions averaged 2.3 and 1.1 times larger, respectively, 
similar on average to the initial enhancements observed within generating cell cores. Averaged 
number distributions were also generally enhanced within the fall streaks, with the enhancement 
for larger particles increasing (up to a factor of 3 or more near -12.5°C) in most cases. As in the 
generating cell regions, mixing likely acted to lessen the differences between the fall streaks and 
the surrounding environment, with fall streaks commonly becoming more diffuse as they 
descended through the stratiform cloud. 
Combined, the analyses provide an overall representation of the structure and 
microphysical processes occurring within the observed cyclones, generally corresponding to a 
seeder-feeder mechanism. The generating cells initiated the production of precipitation by 
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enhancing ice nucleation, as well as providing environments favorable for initial ice growth to 
occur. The stratiform regions below provided a deeper moisture source for subsequent ice growth 
after hydrometeors exited the generating cell regions. Ice growth occurred both within and 
between convectively-generated fall streaks, although enhanced ice concentrations and mass 
were typical within the fall streaks compared to the surrounding regions. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 This dissertation describes the microphysical structure and processes producing 
precipitation in the comma-head region of cold-season midlatitude cyclones, focusing on two 
major components: 1) regions of convective generating cells at cloud top, and 2) regions of 
stratiform precipitation below the generating cell level, including embedded substructures such 
as convectively-generated hydrometeor fall streaks. The study is primarily based on 
observational data collected during the 2009-10 Profiling of Winter Storms (PLOWS) field 
campaign (Rauber et al. 2014a), and mainly consists of airborne cloud radar measurements of 
equivalent radar reflectivity and radial velocity, as well as in-situ measurements of air 
temperature, the presence and amount of supercooled liquid water, and the size, shape, and phase 
characteristics of cloud and precipitation particles. The primary material supplemental to this 
dissertation is published in Rosenow et al. (2014), which describes in detail the processing 
techniques used for the PLOWS cloud radar measurements and presents analyses summarizing 
the radar reflectivity and vertical velocity characteristics of several observed cyclones. Details of 
the processing techniques used for the airborne in-situ measurements from PLOWS are described 
in Ch. 2 and 3 of this dissertation. 
  The organization of this dissertation is as follows: Chapter 2, published as Plummer et al. 
(2014), describes analyses of measurements made within regions of cloud-top generating cells 
sampled during PLOWS. Chapter 3 describes analyses of stratiform precipitation regions, 
describing the overall structure as well as the characteristics and processes associated with fall 
streaks produced by the generating cells. Both chapters are organized similarly, first describing 
detailed characteristics of an individual cyclone using measurements from the 15 February 2010 
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research flight, then presenting statistical analyses of relevant observations from the full PLOWS 
data set. Chapter 3 also provides a more complete description of the precipitation structure and 
processes of the observed cyclones by combining the results of the analyses of the full generating 
cell and stratiform data sets. Chapter 4 briefly summarizes the results and provides details of 
potential future work supplementing the material in Ch. 2 and 3. Finally, an Appendix describes 
the non-standard processing techniques applied to the 2D-P optical array probe measurements to 
account for instrumentation issues present during PLOWS. 
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CHAPTER 2 
GENERATING CELLS1 
2.1. Introduction  
The comma head of cold-season extratropical cyclones is often characterized by 
embedded substructures such as linear precipitation bands and cloud-top convective generating 
cells (GCs)2. Early studies using vertically-pointing radars such as Marshall (1953), Gunn et al. 
(1954), Boucher (1955), Wexler (1955), Langleben (1956), Douglas et al. (1957), and Wexler 
and Atlas (1959) noted kilometer-scale GC activity near cloud top that produced precipitation 
streamers, or fall streaks, into stratiform cloud layers below. Subsequent research involving 
Doppler radar (Carbone and Bohne 1975) estimated maximum vertical velocities on the order of 
±1.5 m s-1 for the GC convection. More recently, Rosenow et al. (2014) reported statistical 
analyses of GC vertical motions using cloud radar measurements obtained across the comma 
head of three continental cyclones, finding that the GCs were typically 1-2 km deep, had 
horizontal scales of ~0.5-2 km, and had vertical velocities of ±1-2 m s-1. 
Many studies (e.g., Houze et al. 1981, Browning et al. 1983, Rutledge and Hobbs 1983, 
Bader et al. 1987, Sienkiewicz et al. 1989, Syrett et al. 1995, Trapp et al. 2001, Schultz et al. 
2004, Stark et al. 2013, Cunningham and Yuter 2014) have investigated GCs as components of a 
“seeder-feeder” mechanism (Bergeron 1950). The GCs act to “seed” ice particles into a 
stratiform “feeder” layer below in which large-scale convergence provides an enhanced moisture 
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source for particle growth below the GC level (Herzegh and Hobbs 1980, Matejka et al. 1980, 
Browning 1983, Rutledge and Hobbs 1983).  
While most studies of GCs have used remote-sensing and surface-based observations, 
few studies have reported measurements within GCs themselves to understand the microphysical 
processes occurring within them. In-situ measurements in GCs within one cyclone at 
temperatures near -14°C showed the presence of supercooled liquid water (SLW) and 2-3 times 
enhanced ice particle concentrations within the GCs compared to surrounding regions, allowing 
Houze et al. (1981) to hypothesize that enhanced nucleation and initial particle growth were 
occurring in the GCs. Along with prior work (Houze et al. 1976, Matejka et al. 1980, and 
Herzegh and Hobbs 1980), they determined that ~80% of particle growth occurred below the GC 
level, with depositional growth occurring within the cells, and both deposition and (at 
temperatures approaching 0°C) aggregation important in the stratiform layer below. More 
recently, Wolde and Vali (2002) analyzed data from spiral descents within and below GCs for 
two cases, with GCs directly sampled near -29°C. Although most of their measurements took 
place below the GC level, they observed enhanced ice concentrations as well as low SLW 
contents (LWCs) of ~0.03 g m-3 in measurements near cloud top. Evans et al. (2005) also 
identified GCs both near -20°C and -45 to -50°C in one cyclone in the Pacific Northwest. Their 
measurements indicated enhanced concentrations of cloud droplets within the GCs near -20°C, 
but not of larger ice particles. They concluded that the GCs were sampled early enough in their 
life cycle that they had not produced many larger ice particles. They also concluded that 
depositional growth was dominant within GCs and associated fall streaks, with aggregation 
becoming more important at higher temperatures. Ikeda et al. (2007) described measurements 
within two cyclones, sampling GCs directly near -20°C and -15°C. Ice particle concentrations 
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were enhanced by a factor of 3-4 or more within the cells, and SLW was also encountered, with 
the largest LWCs near -15°C. Finally, Crosier et al. (2014) sampled cloud-top GCs below -40°C, 
consistently identifying enhanced ice water content (IWC) and particle number concentrations 
(up to an order of magnitude larger than in surrounding cloud) within the GCs.  
While prior studies, combined, include measurements covering a large range of 
temperatures, the number of direct measurements within GCs in each case was typically quite 
limited. In this chapter, the microphysical characteristics of GCs are analyzed using airborne 
cloud radar and in-situ measurements obtained within 11 cold-season continental cyclones, at 
temperatures between -10°C and -55°C and in both ice- and mixed-phase environments. These 
data, obtained during the 2009-10 Profiling of Winter Storms (PLOWS) project (Rauber et al. 
2014a), considerably extend the previous studies in that: 1) many more measurements covering 
various stages in the storms’ life cycles were obtained, and 2) the in-situ data were obtained with 
minimal bias due to shattering of ice crystals on the instrumentation and were coincident with 
high-resolution radar data to provide the appropriate context. Using a detailed case study of one 
cyclone and statistical analyses of the full data set, the analyses quantitatively compare the size, 
shape, and phase distributions of cloud particles inside and outside of the generating cells, 
providing unique insight into the physical processes that determine the properties of the 
generating cells.  
2.2. Data and Methodology 
The data used here were acquired during PLOWS with instrumentation aboard the 
NSF/NCAR C-130 research aircraft including the University of Wyoming Cloud Radar and 
Lidar (WCR, WCL; Wang et al. 2012) and a suite of in-situ microphysical probes. The flight 
strategy used during PLOWS varied between cases. Most flights featured a combination of 
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lengthy horizontal passes and shorter vertically-stacked passes at several altitudes across cyclone 
comma-head regions. Several flights (including the 15 February 2010 flight analyzed in Ch. 2.3) 
consisted of vertical profiles made up of repeated passes between two waypoints at a larger 
number of altitudes. 
A three-beam configuration was used for the WCR during PLOWS, with two vertical 
beams (upwards and downwards from the C-130) and one slanted beam (34.3° aft of nadir). 
Measurements of equivalent radar reflectivity factor (Ze) and the vertical component of radial 
velocity (W) from the two vertical beams are used here, with data sampled at a range resolution 
of 15 m and a horizontal resolution corresponding to ~4-7.5 m at typical C-130 airspeeds during 
PLOWS. The WCR data were processed as described in Rosenow et al. (2014), following the 
same convention of using positive W values to indicate upward vertical motion. Furthermore, 
two additional processing techniques were applied. First Ze and W were estimated at the aircraft’s 
location in order to compare against the in-situ observations. Because the WCR did not record 
data within 105 m of the C-130, the data from the closest 3 pulse volumes above and below the 
C-130 were interpolated to the aircraft’s location, following Grim et al. (2007). Second, an 
objective radar-based estimate of cloud top altitude was derived using threshold values for Ze and 


, the variance of W. The   was calculated for each W measurement relative to the 
surrounding eight measurements, using a noise threshold value of   = 0.8 m2 s-2 following 
Rosenow et al. (2014). If a pulse volume with   < 0.8 m2 s-2 for twelve consecutive vertical 
levels (180 m) and Ze > -25 dBZe occurred immediately below a measurement with 


 > 0.8 m2 s-2 and Ze < -25 dBZe, that measurement was classified as cloud top. Both criteria 
needed to be met to classify a pulse volume as being at cloud top, with the W variance threshold 
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providing the primary indication of noisy echoes, and the Ze threshold generally correlating well 
with this as a supplementary noise check. 
The air temperature (T), presence and amount of SLW, and size and shape distributions 
of cloud and precipitation particles were obtained by probes installed on the C-130. The presence 
of SLW was identified using a Rosemount Icing Detector (RICE), which indicates SLW’s 
presence using an output voltage change, and is responsive to LWC > 0.01 g m-3 (Cober et al. 
2001). Measurements of LWC were obtained using a CSIRO-King probe and a Gerber Particle 
Volume Monitor (PVM). The number distribution functions for small particles were measured 
by a Cloud Droplet Probe (CDP) for particles with maximum dimensions (D) between 2 and 
52 µm, and by two Forward Scattering Spectrometer Probes (FSSPs), model 100, for 
3 < D < 43 µm and 4 < D < 56 µm, the latter of which featured a modified inlet to reduce particle 
shattering. Because the shattering of large ice crystals on the tips and inlets of forward scattering 
probes can generate artificially high numbers of small ice crystals, the FSSP data are only used 
for liquid- or mixed-phase clouds (e.g., Gardiner and Hallett 1985, McFarquhar and Cober 2004, 
McFarquhar et al. 2007a). 
The size and shape distributions of larger particles were measured using Two-
Dimensional Cloud and Precipitation Optical Array Probes (2D-C, 2D-P), with nominal size 
ranges of 25-1600 µm (2D-C) and 200-6400 µm (2D-P). The 2D-C and 2D-P measurements 
were processed using software developed in-house, with reconstruction techniques used to 
calculate D for particles partially outside of the field of view (e.g. Heymsfield and Parrish 1978). 
Measurements from the 2D-C were used for particles with 500 µm ≤ D ≤ 2000 µm, with 
measurements from the 2D-P used for larger particles. The lower size threshold for the 2D-C was 
chosen to eliminate poorly defined sample volumes for particles with D < ~150 µm 
8 
 
(Baumgardner and Korolev 1997) and to minimize the effect of particle shattering, which 
primarily affects particles with D < 500 µm (Korolev et al. 2013, Jackson et al. 2014). The cross-
over between the 2D-C and 2D-P at 2000 µm was larger than the ~1000 µm value typically used 
(Jackson et al. 2012) to account for additional processing techniques correcting reduced 
sensitivity in a portion of the 2D-P photodiode array (detailed in the Appendix).  
Thereafter, number concentrations, N>500, and number distribution functions, N(D), were 
derived from the composite 2D-C and 2D-P measurements. Ice water content, IWC, and mass 
distribution functions, m(D), were estimated using the projected area of each particle, following 
Baker and Lawson (2006)3. The IWC estimates were also used to calculate the median particle 
dimension with respect to mass, Dmm, for the combined 2D-C and 2D-P size distributions. Note 
that the derived IWC and Dmm values only include particles with D > 500 µm unless specified 
otherwise because of the measurements uncertainties described above. Because of the fine-scale 
nature of the convective features, measurements were generally averaged over 5-s periods in this 
study, although a range of averaging times was also tested (see Ch. 2.4). Additionally, an 
automated phase identification algorithm incorporating King, RICE, FSSP, and 2D-C 
measurements (McFarquhar et al. 2007a, Jackson et al. 2012) was also used to classify the in-situ 
measurements based on their phase characteristics (ice, liquid, or mixed-phase). 
2.3. 14-15 February 2010 case study 
For convenience, the term “GC regions” is used here to refer to the general areas where 
GCs were present at cloud top, as indicated by cellular Ze and convective W radar signatures. To 
illustrate the role of specific small-scale processes acting inside and outside generating cells, 
measurements acquired during the 15 February 2010 research flight are described first before 
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characterizing the statistical properties of GCs using the entire PLOWS data set. As described by 
Rosenow et al. (2014), the 14-15 February 2010 cyclone was an Alberta clipper-type system. 
Deep clouds within the cyclone’s comma head and shallower clouds further to the southwest 
were sampled by the C-130 as the low pressure center passed south of the operations area in 
southern Indiana (Fig. 1). The C-130 performed 2 complete flight stacks of ~200 km in length 
over ~7 h, at altitudes ranging from 2.6 to 7.4 km (all altitudes hereafter refer to above mean sea 
level) and temperatures ranging from ~-11 to -52 ˚C as indicated in Figs. 1 and 2. A profile of 
the cyclone’s structure in terms of WCR Ze is shown in Fig. 2a for the flight leg from 0800-
0819 UTC (approximately halfway through the mission, with lines showing the altitudes of the 
flight legs for the first (dashed) and second (dash-dot) set of stacked legs overlaid. 
Representative features of the two general regions sampled within the cyclone are evident 
in Fig. 2a. The cyclone’s deep comma head was present in the northeastern half of the profile 
and was comprised of clouds and precipitation up to ~8 km altitude. A higher-resolution view of 
Ze is shown to illustrate the GCs atop this region (Fig. 2b). Convective GCs with horizontal and 
vertical scales of 1-2 km were consistently observed at cloud top, with fall streaks emerging from 
the GCs and merging through the deeper cloud below. Rosenow et al. (2014) showed that 
vertical velocities of ±1-2 m s-1 were common in association with these GCs, with the strongest 
velocities confined to the GC level and weaker stratiform velocity signatures (close to the 
expected spectrum of particle terminal velocities) below the GC level. These signatures are 
apparent in Fig. 3a, which shows a W profile (uncorrected for particle fall velocities) along an 
earlier flight leg that illustrates the GCs occurring atop the deep comma-head precipitation. 
Measurements from this leg are shown here because the aircraft was sampling below the GC 
region, where relatively weak vertical air motion at flight level did not degrade the W 
10 
 
measurements. In contrast, Fig. 3b shows a W profile corresponding to a portion of the flight leg 
shown in Fig. 2a,b. For this segment, the aircraft was within the GC region. Visual confirmation 
of the turbulence in this region (and resulting inadequately-resolved aircraft motion) is evident in 
the oscillations in vertical radial velocities even after correcting for horizontal wind 
contamination, seen as the high-frequency vertical “stripes” in Fig. 3b. Further southwest (prior 
to ~0810 UTC), an abrupt transition into shallower precipitation is evident in Fig. 2a, with radar 
echoes only present below ~3.5 km altitude. The precipitation in this region featured a similar 
structure to that in the deeper comma head, although at a much shallower scale: GCs were again 
evident at cloud top, producing fall streaks of hydrometeors that merged within the stratiform 
layer below. Figure 2c shows a Ze profile for a flight segment when the aircraft was in the 
shallower GC region, and Fig. 3c shows W measurements within this region. Again, convective 
vertical motions are evident within the GC region, with turbulence at the aircraft level resulting 
in vertical “stripes” seen in the radial velocities from the downward-pointing vertical beam. 
The structural characteristics shown in Figs. 2 and 3 were consistent over the course of 
the flight (see also Sec. 3c in Rosenow et al. 2014), with cloud-top GCs observed both above the 
deep comma-head precipitation and the shallower clouds to the west. Air temperatures measured 
by the aircraft were between approximately -45°C and -52°C in the GCs atop the deep comma-
head precipitation, and between -17°C and -26°C in the GCs at lower altitudes. Additionally, 
SLW was commonly observed within the generating cells atop the shallower clouds and using 
backscattered power and depolarization measurements from the University of Wyoming Cloud 
Lidar onboard the C-130. 
a. GC characteristics atop deep cloud 
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To better define the microphysical structure of GCs, Ze measurements from the WCR and 
N>500, IWC, and Dmm measured by the in-situ instrumentation are shown in Fig. 4 for two 
representative flight legs that passed directly through GCs. The flight legs were chosen to 
include measurements made near GC tops and bases atop the deep comma-head precipitation. 
When the aircraft was passing through GC regions (i.e., the convective Ze and W signatures 
extended through flight level as in Figs. 2b,c and 3b,c), 4 dB relative maxima in the Ze time 
series measurements interpolated to the aircraft location were used to define the GC cores for the 
purposes of the statistical analyses described below. The analyses used 5-s averaging 
(representing ~500-750 m distance) to correspond to the range of GC widths of ~0.5-2 km 
determined by Rosenow et al. (2014). Statistics were then calculated separately for the 5-s 
measurements encompassing Ze peaks and the measurements not containing them. Hereafter, 
these regions are referred to as GC cores and regions between GC cores, respectively. While the 
proportion of each flight leg identified as GC cores depends on the classification criteria used, 
time periods corresponding to these criteria are shaded grey in Fig. 4a,c. The results of any 
analyses depend on the exact criteria used, but the trends described below are broadly consistent 
over various Ze thresholds and averaging windows (described in Ch. 2.4). To provide a larger 
sample size for the GCs atop deep clouds, the in-situ statistics described below include 
measurements obtained during additional passes from the same flight at similar altitudes and 
temperatures to those shown in Fig. 4. The median and 5th-25th-75th-95th percentiles of N>500, 
IWC, and Dmm as a function of altitude are shown with box-and-whisker plots in Fig. 5, and Fig. 
6 shows averaged N(D) for the same data. Each figure shows measurements separately within 
and between the GC cores. 
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 For the higher-altitude GCs (e.g., the northeast portion of Fig. 2a), time series 
measurements from two flight legs are shown in Fig. 4. The shading around the in-situ 
parameters indicates their fractional uncertainty based on p0.5, where p is the total number of 
observed particles in each 5-s average. The 7.3 km altitude flight leg (Fig. 4a,b; 0810-0819 UTC) 
is comprised of measurements near GC tops at a mean air temperature () of -51±0.3°C. The 
additional measurements contributing to the in-situ statistics are from 073750-074340 UTC, with 
the same average altitude and temperature, and the 6.8 km altitude leg (Fig. 4c,d; 043900-
044630 UTC) sampled near GC bases with  = -44±0.1°C. The additional flight segments 
contributing to the statistics are from 033950-034310 UTC, 035700-040015 UTC, 041200-
041620 UTC, and 082330-083000 UTC, with average altitude 6.7 km and average 
temperature -43.8°C overall. For these flight legs, Ze was only briefly greater than 0 dBZe. The 
measurements were in ice-phase conditions, as evidenced from the temperatures of these flight 
legs and weak, noisy signals in the King, PVM, and RICE measurements (not shown). The N>500 
values (Figs. 4a,c) along both flight legs depicted are synchronized with the lower-frequency 
oscillations of Ze. For the GC cores, the median N>500 was 5.5 L-1 for the 7.3 km altitude 
measurements and 4.9 L-1 for the 6.7 km measurements, with the 5th and 95th percentiles 
spanning 1.5-12.1 L-1 and 0.5-11.3 L-1 (Fig. 5a). Between GC cores, N>500 were consistently 
smaller. The median values were 2.8 L-1 and 2.2 L-1, with the 5th-95th percentiles 0.4-8.2 L-1 and 
0.1-6.3 L-1 for the 7.3 km and 6.7 km measurements, respectively.  
Larger IWC and Dmm were associated with the GCs compared to regions outside the GC 
cores (Fig. 4b,d). The median IWC within the cores was approximately ~0.1 g m-3 for both flight 
legs (Fig. 5b). The IWCs only briefly surpassed 0.20 g m-3 in the GC cores, with the 5th-95th 
percentiles spanning 0.02-0.32 g m-3 for the 7.3 km measurements and 0.01-0.22 g m-3 for the 
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6.7 km measurements (Fig. 5b). The IWC percentiles were predominantly 2-3 times larger or 
more within the GC cores compared to between the GCs. The Dmm values showed similar trends 
in both cases. The median Dmm values in GC cores were 705 µm and 660 µm for the 7.3 and 
6.7 km measurements, and the 5th-95th percentiles spanned ~580-970 µm and ~545-890 µm, 
respectively (Fig. 5c). The percentile Dmm values were ~10% larger on average within the GCs 
than outside. The averaged N(D) for both legs (red and orange lines in Fig. 6) featured enhanced 
values for all D within the GC cores, and had generally similar slopes in both cases for 
measurements within (solid lines) and between the cores (dashed lines). The values were ~1.5-4 
times larger within the cores over most of the size range.  
Figure 7 shows 2D-C image records corresponding to the 7.3 km and 6.8 km altitude 
flight legs in Fig. 4, with panels (a) and (b) comprised of measurements within GC cores for the 
7.3 km leg and panels (c) and (d) within cores for the 6.8 km leg. Panels (e) and (f) consist of 
measurements at Ze minima between GC cores for the 7.3 km leg, and panels (g) and (h) do so 
for the 6.8 km leg. The 2D-C imagery indicated a mix of small irregular crystals and bullet 
rosettes, as well as some columns, consistent with ice growth by vapor deposition (e.g., Bailey 
and Hallett 2009). Additionally, similar habits were visually identifiable within and between the 
GCs for both flight legs, with the most notable difference being the increased number of large 
particles within the GC cores compared to outside them. The signatures evident in N>500, IWC, 
Dmm, and N(D) along both flight legs are consistent with the GC convection acting to enhance ice 
nucleation as well as provide an environment favorable for particle growth via deposition within 
the GCs. The characteristics of the particles within and between the cells suggest that the 
turbulent nature of the region (supported by the velocity signatures seen in Fig. 3b) acts to reduce 
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some of the differences between the cell cores and the surrounding regions; this is discussed 
further below. 
b. GC characteristics atop shallow clouds 
The time series measurements of Ze and N>500, LWC, RICE voltage, IWC, and Dmm for 
the GCs atop the shallower precipitation are shown in Fig. 8, with the statistical percentiles 
summarized in Fig. 5. The 3.5 km altitude leg is comprised of measurements near GC tops with 
 = -24±1.2°C (Fig. 8a-c; 1004-1024 UTC), and the 2.6 km leg of measurements near GC bases 
with  = -17±1.0°C (Fig. 8d-f; 1033-1048 UTC). Increased median and maximum Ze values in 
GC cores were evident compared to the higher altitude measurements. Whereas only a few 
measurements exceeded 0 dBZe along the higher legs, the median values were near or above 
0 dBZe for both lower legs, with 95th percentiles 9-12 dBZe. The N>500 measurements (Figs. 8a,d) 
were synchronized with the lower-frequency trends of Ze, maximizing locally where Ze increased 
in the cores. The median N>500 within the GC cores (Fig. 5a) increased slightly from 2.4 L-1 for 
the 3.5 km altitude leg to 2.7 L-1 for the 2.6 km leg, and the 5th-95th percentile range increased 
from 0.3-7.3 L-1 to 1.1-10.8 L-1 (Fig. 5a). This compared to median N>500 values between the 
GCs of 1.4 L-1 and 1.6 L-1, and 5th-95th percentiles of 0.2-5.3 L-1 and 0.4-5.2 L-1 for the 3.5 km 
and 2.6 km legs. With the exception of some of the outer percentiles, the N>500 statistics were 
generally smaller in each case compared to the higher-altitude measurements. 
The median IWCs within the GC cores were 0.13 g m-3 and 0.22 g m-3 for the 3.5 km and 
2.6 km legs, with the 95th percentile values increasing to 0.69 g m-3 and 1.99 g m-3, respectively 
(Figs. 5b and 8b,d). Again, IWC percentile values within the GC cores were typically 2-3 times 
larger than between the GCs. The median Dmm values for the 3.5 km and 2.6 km legs were 
~1135 µm and 1470 µm within the GCs, with the 5th and 95th percentiles spanning ~770-
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1700 µm and 1000-2300 µm (Fig. 5c). The 95th percentile Dmm values were ~10-30% larger 
within the GC cores compared to between them. Both within and between the GCs, lower 
concentrations of small particles (D < ~1000 µm) were evident in the averaged N(D) at 3.5 and 
2.6 km altitude (green and blue lines in Fig. 6) compared to the higher-altitude measurements, 
and measurements extended to larger particles for the lower-altitude legs. The N(D) values were 
consistently enhanced by a factor of ~1.5-3 within the cells over much of the size range, with the 
enhancements greater for the 2.6 km leg. The ratio increased with D for both legs, particularly 
for D > ~2000 µm. The larger particles evident in the 2.6 km leg, near GC base as compared to 
the 3.5 km leg, are suggestive of the effects of sedimentation as terminal velocities increase for 
larger ice particles.  
A major difference between the higher- and lower-altitude flight legs was the presence of 
SLW at the lower altitudes. Liquid water has been measured at cloud top in a variety of 
environments in past studies (e.g., Rauber and Grant 1986 in orographic clouds, McFarquhar et 
al. 2011 in arctic stratocumulus) and has major impacts on both ice nucleation and growth. 
Rauber and Tokay (1991) provide a theoretical basis for why SLW can exist in the cloud top 
region. In the PLOWS data set, the GCs occurring at higher temperatures atop shallow 
precipitation commonly had SLW present. In this cyclone, both flight legs at lower altitudes 
( = -24°C and -17°C) included segments in mixed-phase conditions, which occurred 55% of the 
time for the 3.5 km leg and 17% of the time for the 2.6 km leg. The King, PVM, and RICE 
measurements all indicated the presence of SLW near 1005 UTC and from approximately 1012-
1022 UTC and 1033-1038 UTC (Fig. 8c,f). Visual inspection of 2D particle images also 
confirmed the presence of ice whenever SLW was present.  
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For time periods with LWC greater than a threshold of 0.05 g m-3, median (95th 
percentiles) values of 0.14 (0.22) g m-3 and 0.17 (0.27) g m-3 were measured by the King probe 
and PVM, respectively, along the 3.5 km leg compared to smaller values of 0.06 (0.12) g m-3 
(King) and 0.07 (0.13) g m-3
 
(PVM) for the 2.6 km leg. Although the two flight legs on the 15 
February 2010 flight would not have sampled the same GCs, as the cells evolve over time, the 
altitude and depth of the GCs were relatively consistent between the two legs. Thus, the larger 
LWCs measured near the GC tops are consistent with additional time for cooling as air ascends 
in convective updrafts. Based on calculations for parcel ascent using the conditions measured at 
2.6 km altitude, the LWC values measured near cell tops were sub-adiabatic, suggesting that 
mixing/entrainment and ice particle growth acted to decrease the amount of SLW produced in 
the updrafts.  
Figure 9 shows time series measurements of Ze (black line) and LWC (blue and red lines) 
for a subsection of the 3.5 km altitude leg from 1015-1018 UTC to identify the location of SLW 
relative to the position of the GC cores. It is seen that SLW was not exclusively encountered 
within GC cores, with LWC > 0.05 g m-3 commonly encountered between the GCs. This, 
combined with the inhomogeneities and small-scale structure, suggests that turbulence inherent 
to the GC regions acted to mix the SLW throughout the regions in the manner previously shown 
by Field et al. (2004) and McFarquhar et al. (2011) in other meteorological situations. 
Nevertheless, LWC percentiles were an average of 0.04 g m-3 larger within the GC cores for the 
3.5 km and 2.6 km flight legs. These characteristics were typical of those encountered during 
other PLOWS research flights sampling GCs, which will be described in more detail in Ch. 2.4.  
The presence of supercooled water helps to explain the ice growth characteristics evident 
in the lower-altitude flight legs. Example 2D-C image records are shown in Fig. 10, with panels 
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(a) to (c) comprised of measurements within GC cores along the 3.5 km leg and panels (d) to (f) 
along the 2.6 km leg. Fig. 10g-i shows measurements between the GC cores for the 3.5 km leg, 
with panels (j) to (l) showing measurements for the 2.6 km leg. Heavily rimed particles are 
visually evident at 3.5 km altitude, some identifiable as branching plates or dendrites, confirming 
riming is at least partially responsible for the larger and more massive particles evident in Figs. 
5, 6, and 8. Rimed particles were observed in both ice- and mixed-phase regions as shown in Fig. 
10a (ice-phase only) and Fig. 10b,c (for LWCs near or above 0.1 g m-3). Similarly, rimed 
particles were often present at 2.6 km altitude, although with many large dendritic crystals and 
aggregates also evident early in the leg when the largest LWCs were encountered (Fig. 10e,f). 
Rimed particles became more visually dominant from approximately 1038 UTC through the end 
of the segment (Fig. 10d), even in ice-phase conditions. Along both the 3.5 km and 2.6 km legs, 
little difference was evident in the habits encountered based on position within or between GCs; 
the primary difference was in the size and number of larger particles (e.g., Fig. 10b,c as 
compared to Fig. 10h,i). The presence of rimed particles in ice-phase regions and the similarity 
in habits within and between the GCs (as was evident for the higher-altitude legs) again indicates 
the importance of turbulent mixing throughout the GC regions. 
The differences in Ze, N>500, IWC, Dmm, and N(D) within and between GCs for the 14-15 
February 2010 cyclone were all consistent with enhanced ice nucleation and growth within the 
generating cells, with the cells at lower altitudes tending to have lower number concentrations 
but larger particles compared to those at higher altitudes. The differences between the GCs 
occurring at higher and lower altitudes could largely be related to the production of SLW in the 
GC convection occurring at higher temperatures. Particle habits (predominantly rosettes and 
columns at lower temperatures, as well as dendritic forms at higher temperatures) were 
18 
 
consistent with depositional growth in environments characterized by enhanced ice 
supersaturation (e.g., Bailey and Hallett 2009). Because of the SLW encountered in the GCs 
between -15 and -25°C, heavily rimed particles also occurred along the lower-altitude flight legs, 
explaining the larger IWC and Dmm encountered along those legs. The particle imagery as well as 
the averaged N(D), which became broader at the highest temperatures, also support aggregation 
as a growth mechanism at higher temperatures in some instances. The net effect of these 
additional enhanced growth processes within the GCs was evident in the largest Ze values that 
were measured along the lower-altitude legs. 
2.4. Statistics of full GC data set 
a. Description and general properties 
In-situ observations were made of GCs during 12 research flights across 11 cyclones 
during the PLOWS campaign. These flights covered a more extensive range of environmental 
conditions than those sampled on 15 February 2010. Table 1 summarizes the data set in terms of 
average altitude and temperature for each pass through GC regions. Over the entire project, 
approximately 5.9 h of flight time was spent within GC regions (including measurements in and 
between cells). Most passes consisted of several minutes near cloud top, with most of the 
lengthier passes (10 minutes or longer, for example, those described in Ch. 2.3) taking place 
during three research flights: two sampling a cyclone on 8-9 February 2010, and the 15 February 
2010 flight (see also Rosenow et al. 2014). As in Ch. 2.3, measurements were partitioned using 
Ze to define whether data were obtained within or between GCs. Statistics of microphysical 
properties were again calculated separately for measurements encompassing Ze peaks (the GC 
cores) and outside Ze peaks (between GC cores). 
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Figure 11 summarizes the range of Dmm and IWC (indicated by the color shading) 
sampled relative to air temperature within all GC regions (both within and between GC cores), 
with the measurements averaged over 5-s intervals. Generating cells were sampled between -10 
and -55°C, with most measurements made between -15 and -30°C. Restrictions on aircraft 
operations due to aircraft icing limited the number of measurements in cloud for T > -15°C. For 
T < -30°C, most measurements had Dmm < 800 µm and IWC < 0.15 g m-3, while larger Dmm 
(above 2000 µm) and IWC (near or above 0.7 g m-3) occurred at T between -30 and -15°C. The 
largest values of both parameters occurred for T near -15°C. 
The statistical distributions of microphysical parameters within and between GCs are 
summarized in Fig. 12, which shows box-and-whisker plots of the median and 5th-25th-75th-95th 
percentiles of Ze, N>500, IWC, and Dmm in 10°C intervals centered at -11, -21, -31, -41, 
and -51°C. The specific temperature intervals used here were chosen based on the distribution of 
measured temperatures, such that each interval had sufficient samples for statistical analysis. 
Overall, the most consistent trend with respect to temperature was an increase in the statistical 
range of the measurements for cells occurring at the highest temperatures. While N>500 values 
tended to decrease at higher temperatures, the largest values of the other parameters (particularly 
IWC and Dmm) were consistently observed in cells at the higher end of the temperature range. 
More distinct signatures were generally evident for measurements within cells compared to 
between them. The median Ze at each temperature are ~5 dBZe larger for measurements made 
within the GC cores compared to outside, and the range of Ze increases with increasing T (Fig. 
12a). While the larger Ze values within the GCs were expected, given that the cell locations were 
defined using that parameter, the Ze statistics are shown here primarily to summarize the range of 
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values with respect to temperature. The median and statistical percentiles of N>500 (Fig. 12b) 
were generally ~1.3-3 times larger within cell cores, averaging 1.9 times larger overall.  
To account for the unequal sample sizes in the T intervals, bootstrap resampling (Efron 
and Tibshirani 1993, McFarquhar and Heymsfield 1997), a modified Monte Carlo technique, 
was used to estimate the variability of the statistical percentiles. The standard deviations of the 
statistical N>500 percentiles for the resampled data were relatively small, averaging 0.7 L-1 within 
the GC cores and 0.2 L-1 between them, providing confidence that the observations in each T 
interval are a good representation of the true population. Median and statistical IWC percentiles 
within cell cores averaged 2.2 times larger (Fig. 12c), and Dmm averaged 1.1 times larger overall 
(Fig. 12d), compared to measurements between cells. The range of the statistical percentiles 
increased for both variables as temperature increased, and their standard deviations for the 
resampled data were again small, averaging 0.06 g m-3 and ~50 µm within the GC cores, and 
0.01 g m-3 and ~20 µm between them.  
It should be noted that particles with D < 500 µm contribute to the total IWC. The IWC 
calculated for 150 < D < 500 µm, using standard corrections for particle shattering (Jackson et al. 
2014), contributed ~17% on average to the total IWC, with the largest average contribution 
(~55%) occurring in GC cores at T < -36°C and lower contributions elsewhere. Therefore, small 
particles can make important contributions to the total IWC, particularly in GCs occurring at 
lower temperatures. 
The exceptions in the trend of larger median values within cell cores were for the in-situ 
measurements (N>500, IWC, and Dmm) at T = -11±5°C. While Ze values were still enhanced within 
the cells, smaller median values of the 3 parameters were evident compared to measurements 
between cells. However, if the mean rather than the median was used, similar signatures would 
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be noted; for example, the mean N>500 at -11±5°C was larger within GCs than between them, 
even though the median was slightly smaller. In addition, the 75th-95th percentiles of N>500 and 
IWC were larger for measurements within GCs at -11±5°C, while the 95th percentiles for Dmm 
indicate that large particles were present both within and between cells.  
Figure 13a,b shows the measurements of Ze vs. Dmm, with color shading indicating N>500 
values, for data within (Fig. 13a) and between (Fig. 13b) cell cores. Although there is 
considerable scatter, there is larger Ze on average for a given Dmm within the cores compared to 
between them. Consequently, larger N>500 must be present within the cell cores. Similarly, when 
the Ze-Dmm pairs are sorted by IWC (Fig. 13c,d), larger IWCs are evident within the cores, as 
suggested by the larger Ze for a given Dmm. Figure 14 shows N(D) averaged in 10°C intervals, 
partitioned according to whether data were collected within (solid) or between (dashed) cell 
cores. Similar to the case study (Fig. 6), the concentrations were consistently enhanced within 
the cores at all temperatures by an average of 1.7 times, and up to a factor of 3.3. The ratio was 
maximized for D between ~1500 and 2000 µm. Again, the distribution became flatter for larger 
T. The maximum particle diameter increased from ~2000 µm to 6000 µm over the range of 
measured T, from -51°C to -11°C. 
b. Supercooled liquid water and ice- vs. mixed-phase conditions 
The range of conditions sampled in GCs included both ice-phase and mixed-phase 
environments. As in Ch. 2.3, it was assumed that for LWC > 0.05 g m-3, the aircraft was in 
mixed-phase conditions; only a few brief sampling periods occurred when ice crystals were not 
detected simultaneously when SLW was present. Although this threshold precludes the inclusion 
of some periods with minimal LWC, it minimizes the risk of erroneously including 
measurements where SLW may not have been present. Figure 15a summarizes the measured 
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LWCs with respect to T using data at 1-s resolution. Supercooled water was detected at T as low 
as -31.4°C, though nearly all instances occurred for T ≥ -28°C. If convective updrafts were 
sufficient to produce liquid droplets at the lower temperatures, they likely underwent rapid 
nucleation and froze. When the LWC was greater than 0.05 g m-3, the median value increased 
slightly from approximately 0.09 g m-3 to 0.12 g m-3 with increasing temperature, with 95th 
percentile LWC values increasing from 0.14 g m-3 to 0.28 g m-3. Note that the 95th percentile 
values were near or above 0.20 g m-3 for much of the temperature range. Again, the standard 
deviations of the LWC percentiles using bootstrap resampling were quite small, generally at or 
below 0.01 g m-3. Supercooled water was encountered both within and between cell cores, 
implying that mixing due to the turbulent environment acts to distribute SLW throughout the GC 
region. The LWC percentiles were ~0.04 g m-3 larger within cell cores compared to 
measurements between them, and ~26% of all measurements within GC cores at T ≥ -31.4°C 
contained LWC > 0.05 g m-3, compared to ~18% of measurements between cores. 
Cumulative distribution functions of SLW’s presence with respect to temperature are 
shown in Fig. 15b for all measurements in cloud within GC regions, along with the total number 
of observations (at 1-s resolution) in each temperature interval. For GCs at -10±2.5°C, SLW was 
present (LWC > 0.05 g m-3) in nearly 80% of observations, although the number of 
measurements was smallest within this temperature interval. The largest LWCs (~0.4 g m-3) were 
measured in this temperature range. The percentage of measurements with SLW present 
decreased for the observations made at lower temperatures, with ~30% of measurements 
containing SLW for -15±2.5°C, and 15-20% of observations between -17.5°C and -27.5°C 
containing SLW. Liquid water was only directly measured in a small number of observations at 
T < -27.5°C.  
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Figure 16a shows the measured LWCs with respect to distance below radar-derived cloud 
top, again for data at 1 s resolution. Note that some uncertainty exists in the calculated distance 
when the aircraft was very close to cloud top. Because no radar data are available within 105 m 
of the aircraft, the distance below cloud top in these instances was set to 0 m (evident in the 
measurements aligned vertically along the left edge of Fig. 16a) rather than a negative value 
corresponding to the nearest usable radar data below the aircraft. The median and 95th percentile 
LWC values were ~0.13 g m-3 and 0.26 g m-3, respectively, for measurements within 0.33 km of 
cloud top. Deeper within cloud (0.33-1.33 km below cloud top), the median and 95th percentile 
LWC values averaged ~0.08 g m-3 and 0.16 g m-3. Similar LWCs were encountered further 
below cloud top, but the total number of measurements was much smaller, with ~95% of 
measurements made within 1.33 km of cloud top. Overall, the standard deviation of the 
percentiles using bootstrap resampling averaged ~0.01 g m-3. Figure 16b shows cumulative 
distribution functions of LWC with respect to depth in cloud. Approximately 25% of 
measurements within 0.33 km of cloud top featured LWC > 0.05 g m-3, and the largest LWCs 
were encountered at these depths. Deeper within cloud (0.33-1.33 km), LWC > 0.05 g m-3 
occurred in less than 10% of observations. The SLW frequency increased again deeper within 
cloud at higher temperatures, though again, the number of observations was much smaller at 
these depths and the increase may not be statistically significant. 
The relationship between Ze and Dmm in all GC cores is shown in Fig. 17 for 
measurements segregated between ice-phase and mixed-phase conditions, with N>500 (Fig. 17a,b) 
and IWC (Fig. 17c,d) indicated by color shading. Ice-phase measurements for Dmm < ~1200 µm 
exhibit larger N>500 and IWC for a given Dmm, resulting in generally larger Ze. Figure 18 shows 
temperature-averaged N(D) within GCs for ice-phase (solid) and mixed-phase (dashed) 
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conditions. For T < -16°C, N(D) averaged 1.9 times larger in ice-phase than in mixed-phase 
conditions for D < 2000 µm. For larger particle sizes, the N(D) values averaged 1.7 times larger 
in ice-phase compared to mixed-phase for T = -31±5°C, but averaged 2.5 times larger and 
extended to larger particles (D ≈ 4000 µm) in mixed-phase conditions for T = -21±5°C. This is 
consistent with SLW becoming increasingly important to ice growth processes for GCs occurring 
at higher temperatures, with a decrease in small particle concentrations coincident with 
increasing concentrations of large particles in the presence of SLW for T near -21°C. Pure ice-
phase conditions in the GC regions were almost non-existent for T > -16°C; while the ice-phase 
N(D) values show enhanced concentrations compared to the mixed-phase measurements for this 
temperature interval, they only incorporate a small number of measurements. The average 
mixed-phase N(D) was similar to the corresponding temperature-averaged N(D) within GCs in 
Fig. 14, with particles growing to ~6000 µm in these environments. 
c. Potential uncertainties and robustness of results 
Several factors contribute uncertainties to the quantitative results presented, and in 
particular, to the IWCs calculated above. Although the shattering of ice crystals on the standard 
2D-C probe tips used during PLOWS artificially generates small ice crystals, Jackson and 
McFarquhar (2014) showed that uncertainties in IWC from shattering are smaller than 
uncertainties associated with estimating particle mass from a two-dimensional cross-section of a 
particle image. Such estimations assume an effective density, which in reality depends on the 
particle characteristics (for example, shape, amount of riming) and can vary by environment. 
While bulk mass content measurements and higher-resolution particle imagery (e.g., from a 
Cloud Particle Imager) could have reduced uncertainties in the derived IWC, existing 
measurements of crystal morphology did not show large changes in habit or riming fraction 
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within or between GCs. Thus, it is unlikely that major differences in parameterizations to 
estimate IWC from N(D) existed within or between GCs, so the qualitative differences derived in 
IWCs in and out of GCs are likely robust.  
Additionally, because of the range of GC sizes and intensities, the Ze thresholds used to 
identify GC cores and the temporal averaging used for the in-situ measurements affect how the 
cell cores are separated from surrounding regions. To evaluate the results’ sensitivity to the 
classification criteria, the statistics were also calculated using a variety of Ze thresholds and 
averaging times. The signatures were broadly similar when relative Ze maxima of 3 dB or greater 
were used to identify GC cores. Enhancements for N>500 and IWC were typically within a factor 
of ~0.9-1.3 to those described above, generally increasing for larger Ze thresholds. The largest 
exceptions were for measurements at T > -16°C using a 3 dB threshold, with smaller 
enhancements for N>500, IWC, and Dmm noted, with Dmm in general being less sensitive to the 
threshold used. No completely consistent trend was apparent with respect to averaging time, but 
weaker enhancements became more common with longer averaging times (particularly 
above 7 s), suggesting that the longer averaging time resulted in data from the cores and 
environment between the cores being included in the same average. Overall, while some 
uncertainties do exist in separating GC cores from surrounding regions, the results consistently 
characterized GCs as providing environments favorable for enhanced ice production and growth 
relative to surrounding regions. 
2.5. Discussion and conclusions 
Data were collected using in-situ cloud microphysics instruments within and outside of 
cloud-top generating cells (GCs) in the comma-head regions of eleven cold-season continental 
cyclones during the Profiling of Winter Storms field campaign (PLOWS). The data were 
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analyzed to quantify how the size, shape, and phase distributions of cloud particles varied inside 
and outside of the GCs, with the cell location defined based on radar reflectivity maxima as 
measured by the University of Wyoming Cloud Radar (WCR). This research builds upon 
previous studies, in that data acquired through GCs in 11 cyclones at temperatures between -10 
and -55°C were used to considerably expand the number of cases analyzed in a much wider 
range of conditions. The current study also takes into account the impact of particle shattering 
artifacts on derived microphysical properties, and uses statistical analyses to demonstrate the 
differences of microphysical properties inside and outside of the GCs. Detailed analyses of one 
cyclone containing GCs at two separate temperature ranges also provided information about the 
physical processes responsible for ice crystal properties within the GCs. The principal 
conclusions of this study are as follows: 
1) The number concentrations of particles with maximum dimension D > 500 µm, N>500, 
were ~1.3-3 times larger (average 1.9) inside GCs compared to outside. The derived 
ice water content, IWC, and median mass dimension, Dmm, averaged 2.2 and 1.1 times 
larger in the cells, with the range of their 95th percentiles increasing with increasing 
temperatures. The enhanced N>500 values are consistent with more ice nuclei activated 
in convective updrafts, with the increased IWC and Dmm suggesting environments 
favorable for particle growth in the GCs. Approximate estimates of IWC for particles 
with 150 < D < 500 µm suggested an average overall contribution of ~17% to the 
total IWC but up to 55% in GCs at T < -36°C. 
2) The average number distribution functions, N(D), featured larger concentrations 
within the cells than those outside, by an average factor of 1.7 and up to a factor of 
3.3 for all temperatures, with maximum differences for ~1500 < D < 2000 µm. 
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3) Supercooled liquid water (SLW) was directly measured for T ≥ -31.4°C, with nearly 
all measurements of SLW made for T ≥ -28°C. When SLW was present, the median 
water content (LWC) increased slightly from approximately 0.09 to 0.12 g m-3 
between -32°C and -10°C, with 95th percentile LWC values increasing from 0.14 to 
0.28 g m-3. Over this temperature range, SLW was directly measured in 26% of 
observations within GCs and 18% of observations between the cells, and the median 
and 95th percentiles LWC values averaged ~0.04 g m-3 larger inside compared to 
outside the GCs. The median and 95th percentile LWCs were ~0.13 g m-3 and 
0.26 g m-3 for measurements within 0.33 km of radar-defined cloud top, decreasing to 
~0.08 g m-3 and 0.16 g m-3, respectively, from 0.33 km through 1.33 km below cloud 
top. 
4) At lower temperatures, bullet rosettes were the most common identifiable habit, with 
columns and plates sometimes evident. With increasing temperature, rimed particles 
became increasingly common and dendrites and aggregates were sometimes present, 
the latter being observed in several PLOWS cases for T between -15 and -20°C. The 
effect of aggregation was also seen in that averaged N(D) for D < ~2000 µm became 
flatter with lower concentrations, and extended to increasingly large particle sizes at 
higher temperatures. Similar habits were identified inside and outside of GCs, and 
rimed particles were observed both in ice- and mixed-phase regions, with the primary 
differences being the size and number of the larger particles. 
5) For Dmm < ~1200 µm, measurements in the ice-phase exhibited larger N>500 and IWC 
for a given Dmm, and larger Ze were also typical for a given Dmm in ice-phase 
conditions than in mixed-phase, due to the larger N>500. Correspondingly, averaged 
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N(D) in ice-phase conditions showed larger concentrations than in mixed-phase 
conditions for small particles, by an average factor of 1.9 for D < 2000 µm, with the 
difference decreasing towards D = 2000 µm. The concentrations for D > 2000 µm 
averaged 1.7 times larger in ice-phase compared to mixed-phase for T < -26°C, but 
for T = -21±5°C, the averaged mixed-phase N(D) averaged ~2.5 times larger than in 
ice-phase. Above -16°C, nearly all measurements were mixed-phase, with the 
averaged N(D) flatter and extending to larger particle sizes (D ≈ 6000 µm). 
The PLOWS measurements are broadly consistent with past studies (e.g., Houze et al. 
1981, Wolde and Vali 2002, Evans et al. 2005, Ikeda et al. 2007, Crosier et al. 2014) although 
the degree of enhancement is reduced compared to some of those studies, as the PLOWS 
analyses incorporated a much larger range of environmental conditions and took into account the 
effects of particle shattering on variables derived from in-situ measurements. Additionally, the 
PLOWS measurements included observations of SLW occurring in GC regions over a larger 
range of temperatures than in the past studies. The measured LWCs were similar to those 
observed by Houze et al. (1981), Rauber and Grant (1986), and Ikeda et al. (2007), but larger 
than those observed by Evans et al. (2005) in newly-formed convective cells. The difference is 
attributed to the fact that a much larger range of cell lifetimes was sampled during PLOWS. As 
in Field et al. (2004) and Ikeda et al. (2007), SLW was measured both within and between 
convective cores. Unlike those studies, which concluded that enhanced ice concentrations 
preferentially depleted the SLW within the convection, the LWCs in this study were statistically 
larger and encountered more frequently within the GC cores.  
The presence of SLW in the GCs is important because of its major impacts on both 
primary ice nucleation and particle growth processes (e.g., Rauber and Tokay 1991, Westbrook 
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and Illingworth 2011). Supercooled water’s production enhances primary ice nucleation by 
allowing multiple nucleation processes (deposition, condensation, and contact) to take place, and 
its consistent presence in the PLOWS data set implies the production of considerable ice 
supersaturations over a large temperature range. The resulting environments are favorable for 
enhanced ice growth at high supersaturations, consistent with the observed IWC, Dmm, and N(D) 
signatures. The measurements were consistent with SLW becoming increasingly important to 
growth processes in GCs occurring at higher temperatures, and SLW was nearly ubiquitous for 
T > -16°C. The resulting enhanced ice growth was apparent in that heavily rimed particles were 
commonly present in particle imagery, with larger particles produced in mixed-phase rather than 
ice-phase environments for T > -26°C.  
The small horizontal scales (~1.5 to 2 km or less) of the GCs, their turbulent nature 
(evident in the vertical radial velocity profiles in Fig. 3), and their close proximity to other 
regions suggest that mixing and entrainment/detrainment occurred between the regions (cf. 
McFarquhar et al. 2011). Several characteristics were consistently present in the PLOWS 
observations showing the influence of mixing, including the presence of SLW within and 
between GCs, the similarity of habits within and between cells, and the appearance of rimed 
particles even outside of GCs in ice-phase conditions. These characteristics were consistently 
noted regardless of the exact definitions used to identify the cells. For example, the presence of 
SLW was noted even at Ze minima that would not be identified as cells (e.g., Fig. 9), as were the 
habit signatures described above. Therefore, while the uncertainties in separating out GC cores 
impact the results, the measurements also support the importance of turbulent mixing due to 
convective air motions acting to lessen the observed differences between the cells and 
surrounding regions.  
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The PLOWS observations help to define the microphysical processes that occur within 
cloud-top GCs and how these depend on the cells’ environment. However, the GCs are only part 
of a larger-scale process controlling precipitation development, in that they commonly act to 
seed ice particles into stratiform environments which provide conditions favorable for additional 
particle growth as the particles fall (Rosenow et al. 2014). While many previous studies (e.g., 
Houze et al. 1976, Matejka et al. 1980, and Herzegh and Hobbs 1980) have identified primary 
particle growth as occurring below the GC level, the PLOWS observations show significant 
growth occurring within GCs in some circumstances. For example, large rimed particles, large 
dendritic crystals, and some aggregates were observed near -17°C in the GC regions of the 14-15 
February 2010 cyclone, and particles up to 5-6 mm in maximum dimension were present in the 
GCs sampled in the PLOWS data set, particularly for T = -11±5°C. These observations are 
consistent with the rapid growth of particles at temperatures near -15°C, where the environment 
is most favorable for the growth of ice at the expense of liquid, and where growth by riming is 
also possible. A subsequent study (described in Ch. 3) supplements the analyses shown here by 
evaluating the microphysical characteristics and particle growth mechanisms occurring in 
stratiform regions below GCs and identifying how these relate to the convection present at cloud 
top.  
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CHAPTER 3 
STRATIFORM PRECIPITATION REGIONS 
3.1. Introduction 
The precipitation structure of the comma-head region of cold-season midlatitude cyclones 
is typically defined by a complex variety of embedded smaller-scale substructures, including 
convective generating cells (GCs), their associated fall streaks (FSs), and precipitation bands, 
which impact the cyclone’s precipitation production and distribution. The analyses in this 
chapter focus on regions of stratiform precipitation and, in particular, on embedded FSs 
emanating from GCs occurring further aloft. Together with the analyses of the cloud-top GCs 
described in Ch. 2, this work provides a complete description of the microphysical structure and 
processes producing precipitation within the comma head of cyclones. 
Generating cells are commonly identified as a critical component of the precipitation 
processes occurring within cyclones. Their existence at cloud top has been confirmed by many 
studies sampling cyclones occurring in a large variety of environments (e.g., Marshall 1953, 
Gunn et al. 1954, Boucher 1955, Wexler 1955, Douglas et al. 1957, Wexler and Atlas 1959, 
Henrion et al. 1978, Houze et al. 1981, Browning et al. 1983, Locatelli et al. 1983, Businger and 
Hobbs 1987, Sienkiewicz et al. 1989, Syrett et al. 1995, Wolde and Vali 2002, Evans et al. 2005, 
Cunningham and Yuter 2014, Kumjian et al. 2014, Rauber et al. 2014b, Rosenow et al. 2014). 
The GCs are typically ~1-2 km in horizontal and vertical extent and have convective vertical 
velocities of ±1-2 m s-1 or more, and they expel plumes of hydrometeors into the regions below 
(Rosenow et al. 2014). Multiple studies have identified the convective velocity structure of GCs 
as being critical to enhancing ice nucleation (e.g., Houze et al. 1981, Ikeda et al. 2007, Crosier et 
al. 2014, as well as the work described in Ch. 2 of this dissertation). 
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The impact of the GCs is visually evident in the regions below the cells. The cells are 
commonly present above regions of stratiform cloud, in which weak, synoptic-scale ascent 
producing ice supersaturation often occurs (Rauber et al. 2014b, Rosenow et al. 2014). Fall 
streaks of hydrometeors emanating from the cells are typically evident as streamers of enhanced 
radar reflectivity descending through the stratiform regions (Ch. 2). The GCs are commonly 
interpreted as part of a larger-scale precipitation process, corresponding to a “seeder-feeder” 
mechanism (Bergeron 1950) in which hydrometeors are “seeded” from the GCs into the 
stratiform regions below, which provide a source of enhanced moisture to “feed” the particles’ 
continued growth. Many studies (e.g., Wexler et al. 1967, Herzegh and Hobbs 1980, Matejka et 
al. 1980, Houze et al. 1981, Browning 1983, Rutledge and Hobbs 1983, Syrett et al. 1995, Trapp 
et al. 2001, Schultz et al. 2004, Stark et al. 2013, and Cunningham and Yuter 2014) have 
evaluated GCs and larger-scale precipitation structure accordingly. Several studies have 
concluded that approximately 80% of hydrometeor growth occurs below the GC level, with 
deposition and (particularly near 0°C) aggregation being the predominant growth mechanisms 
(Houze et al. 1976, Matejka et al. 1980, Herzegh and Hobbs 1980, and Houze et al. 1981). 
The work presented in this chapter analyzes the microphysical characteristics of 
stratiform comma-head precipitation in cold-season midlatitude cyclones, focusing in particular 
on the impact of embedded enhancements related to GCs atop the stratiform precipitation. 
Measurements are shown from in-situ airborne instrumentation, obtained coincident with cloud 
radar measurements for 14 cold-season continental cyclones at temperatures between -4°C 
and -45°C. This work complements the analyses of cloud-top GCs presented in Ch. 2, using data 
obtained during the same field campaign, the 2009-10 Profiling of Winter Storms (PLOWS) 
project (Rauber et al. 2014a). Combined with those analyses, this study extends previous work 
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through the use of a large observational data set of both GCs and cold-season stratiform 
precipitation occurring in an extensive range of environments. Additionally, as in Ch. 2, the in-
situ measurements have minimal bias associated with ice crystal shattering of ice crystals on the 
instrumentation. A detailed description of one cyclone is presented, followed by statistical 
analyses of the full data set, comparing the size, shape, and phase distributions of particles and 
their growth characteristics with respect to the GCs at cloud top in order to provide a more 
complete understanding of the precipitation processes occurring in the observed cyclones 
3.2. Data and Methodology 
 The data sets and analyses techniques used in this chapter are generally similar to those 
described in detail in Ch. 2, so a brief summary is provided here. The data were obtained using 
the University of Wyoming Cloud Radar (WCR; Wang et al. 2012) and in-situ microphysical 
instrumentation aboard the NSF/NCAR C-130 research aircraft during PLOWS. Research flights 
sampled the comma-head region of cyclones, with most flights including several lengthy 
horizontal passes across the comma head as well as shorter vertically-stacked passes at multiple 
altitudes. Several flights (including the case study described in Ch. 3.3) consisted of repeated 
passes between two waypoints at a larger number of altitudes.  
This study uses measurements of equivalent radar reflectivity factor (Ze) and the ground-
relative component of vertical radial velocity (W) obtained from the WCR’s upward- and 
downward-pointing beams. Vertical profiles were constructed of Ze and W, sampled at a range 
resolution of 15 m and a horizontal resolution corresponding to ~4-7.5 m at typical airspeeds. 
The W measurements were corrected to account for velocity contamination by the horizontal 
wind (Rosenow et al. 2014). Additionally, Ze was interpolated to the C-130’s location and an 
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objective estimate of cloud top was derived using Ze and the variance of W, as described in Ch. 
2.2. 
In-situ measurements from the C-130 instrumentation included air temperature (T), the 
presence and amount of supercooled liquid water (SLW), and the size and shape distributions of 
cloud and precipitation particles. The presence of SLW was identified using a Rosemount Icing 
Detector, and liquid water content (LWC) was measured using a CSIRO-King probe and a 
Gerber Particle Volume Monitor (PVM). The number distribution functions, N(D), for particles 
with maximum dimension, D, between 2 and 52 µm were measured by a Cloud Droplet Probe 
(CDP). Two model 100 Forward Scattering Spectrometer Probes (FSSPs) measured particles for 
3 < D < 43 2m and 4 < D < 56 2m, with the latter featuring a modified inlet to reduce particle 
shattering. 
Larger particles were measured with Two-Dimensional Cloud and Precipitation Optical 
Array Probes (2D-C, 2D-P), with nominal size ranges of 25-1600 µm and 200-6400 µm, 
respectively. Details of the processing technique for these measurements are provided in Ch. 2.2. 
Composite distributions were constructed using 2D-C measurements for particles with 
500 µm ≤ D ≤ 2000 µm and 2D-P measurements for larger particles, with number 
concentrations, N>500, and number distribution functions, N(D), derived from the composite 
measurements. Ice water content, IWC, was estimated using the projected area of each particle 
(Baker and Lawson 2006), again for particles with D ≥ 500 µm. The median particle dimension 
with respect to mass, Dmm, was also derived using the IWC estimates. The 2D-C and 2D-P 
measurements were averaged over 10-s periods for the analyses described below. 
3.3. 14-15 February 2010 case study 
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 Airborne measurements from the 15 February 2010 research flight are used here to 
describe the microphysical characteristics of stratiform precipitation within a wintertime 
midlatitude cyclone, complementing the analyses of the same cyclone’s GCs presented in Ch. 
2.3. As in Ch. 2, the term “GC regions” refers here to areas where cloud-top GCs were present, 
with associated cellular Ze and convective W signatures. The term “stratiform regions” refers to 
areas below GC regions, marked by weaker, more uniform W. As described in Rosenow et al. 
(2014) and Ch. 2.3, the 14-15 February 2010 cyclone was an Alberta-clipper type system 
sampled by the C-130 as it moved across southern Indiana (Fig. 1). Two primary regions were 
sampled in this cyclone, as summarized in the Ze and W profiles in Fig. 19 for the 0800-0819 
UTC flight leg: 1) deep clouds present within the cyclone’s comma head, seen in the northeast 
half of the profiles in Fig. 19, and 2) shallower clouds to the southwest. There was an abrupt 
transition between the two regions, noted near 0810 UTC in Fig. 19. Stratiform regions with 
weak vertical air motions were present in both areas, where nearly all measured W values were 
within ±0.5 m s-1 of the expected spectrum of particle terminal velocities. Both regions also 
consistently featured kilometer-scale GCs and associated convective air motions of up to 
±1-2 m s-1 at cloud top (Rosenow et al. 2014). The GCs produced FSs of hydrometeors that 
merged together within the stratiform regions below, sometimes coalescing into larger-scale 
areas of enhanced Ze extending from the GCs through the depth of the stratiform region. An 
example of such an enhanced Ze region descending from below the GCs to near ground level is 
seen at ~90-110 km distance in Fig. 19a. Areas of FSs were sometimes persistent over multiple 
flight passes, corresponding in some cases to enhanced Ze evident in ground-based scanning 
radar measurements. However, the FSs are identified as part of the stratiform regions because 
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there were no distinct W signatures associated with the FSs. The strongest W signatures were 
only associated with the GCs themselves. 
As the cyclone progressed northeast, the C-130 executed 2 vertical profiles over a period 
of approximately 7 hours by flying repeated ~200 km flight legs along the track shown in Fig. 1, 
at the altitudes shown in Fig. 19a. The altitudes ranged from 2.6 to 7.4 km, with corresponding 
air temperatures (T) of -11 to -52°C. Extensive in-situ measurements were made within GCs atop 
the deep and shallow cloud regions, as well as in the deep stratiform region in the cyclone’s 
comma head. Due to the shallower nature of the precipitation further to the southwest, only brief 
in-situ measurements were obtained within the stratiform region there. The analyses in this 
chapter focus on the measurements made within the stratiform precipitation. Chapter 3.3a 
describes observations for several constant-altitude flight legs, focusing on the detailed 
characteristics of convectively-generated FSs embedded within the stratiform precipitation 
region. Chapter 3.3b provides statistical summaries of the microphysical characteristics of the 
entire deep stratiform region, contrasting measurements within and between FSs, and Ch. 3.3c 
summarizes the results of the analyses. 
a. Fall streaks along individual flight legs 
To summarize typical characteristics of the deep stratiform precipitation within the 14-15 
February 2010 cyclone’s comma head, Ze profiles and time series measurements of Ze 
(interpolated to the aircraft’s location), N>500, IWC, and Dmm are shown for portions of the two 
flight legs that passed through the deep stratiform precipitation in Figs. 20 and 21. Figure 20 
shows measurements made at an average altitude of 5.1 km and T of -29.2°C, whereas Fig. 21 
shows measurements at 2.7 km and -12.8°C (all altitudes hereafter refer to above mean sea 
level). Individual FSs are evident descending from the GCs through flight level, for example, 
37 
 
near 0530 UTC in Fig. 20a. Both individual FSs (e.g., near 0702-0703 UTC) and larger plumes 
of enhanced Ze (near 0711-0712 UTC) are evident in Fig. 21a. Note that the GCs are less evident 
at cloud top in Fig. 21a because the color scale has been modified relative to the previous figures 
to emphasize the features deep within cloud rather than the lower-reflectivity GCs. It should also 
be noted that, due to the two-dimensional nature of the WCR profiles, some FSs seen in the 
profiles were likely horizontally advected from outside of the vertical plane imaged by the WCR. 
Therefore, individual FSs cannot always be traced back to their parent GCs.  
The 5.1 km altitude flight leg was relatively close to the GC region, and individual FSs 
are evident in the Ze time series (Fig. 20b) as small-scale local maxima (e.g., the same FSs 
described near 0530 UTC in Fig. 20a). Larger areas of enhanced Ze are also evident with 
multiple FSs merging together, for example, just prior to 100 km distance along the horizontal 
axis and again near the end of the segment. For both the individual FSs and for the larger-scale 
merged FSs, the Ze variability was notably smaller in magnitude compared to the GC layer 
above. The Ze values typically fluctuated by ~2-3 dB between the FSs in this region, whereas the 
fluctuation between the GCs at high altitudes was commonly 5 dB or greater (e.g., Fig. 4). While 
local maxima in N>500, IWC, and Dmm (Fig. 20b,c) are apparent at scales of ~20-30 s 
(corresponding to ~3 km distance), larger variations in these parameters occurred over longer 
distances, for example, the general increase in IWC from ~0.1 to 0.7 g m-3 along the entirety of 
Fig. 20c, corresponding to the largest Ze values in Fig. 20a,b. 
Particles imaged by the 2D-C along the -29.2°C flight leg are shown in Fig. 22a-f, with 
each pair of image records corresponding to measurements within and between FSs, at the 
locations indicated with vertical lines in Fig. 20b. Along with small irregular crystals and 
columns, bullet rosettes and some aggregates of rosettes were the primary identifiable habits. 
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Although the nature of the 2D-C imagery limits the amount of visual detail for each particle, the 
characteristics of some of the larger observed particles, particularly some of the more rounded 
particles in panels (e) and (f), were consistent with some rimed growth having occurred. 
However, neither the King nor the PVM probe measurements indicated the presence of SLW 
during this segment, implying that any rimed growth had occurred further aloft in the GC region 
where SLW was noted (Ch. 2.3). Thus, the observed habits were consistent with primary growth 
in the FSs through vapor deposition, along with some aggregation, in an environment 
supersaturated with respect to ice but without strong vertical air motions (Rosenow et al. 2014). 
Additionally, there was no clear trend in how particle habits varied during this flight leg, with 
respect to time (over all six panels) or to location within or between FSs (each consecutive pair 
of panels). The largest differences were in the concentrations of larger particles, which increased 
within the FSs (Fig. 20).  
Figure 21 shows measurements obtained at 2.7 km altitude. While individual FSs are still 
identifiable near the GC region in the Ze profiles, for example, near 6 km altitude from 0700-
0705 UTC in Fig. 21a, they are generally less distinct at flight level. Broader areas of enhanced 
Ze are now evident at flight level in panels (a) and (b), e.g., near 0712 UTC, that can be traced 
upwards in panel (a) to smaller-scale FSs (in this example, entering the plane of the cross-section 
at ~4.5 km altitude). Additionally, the time series Ze values (Fig. 21b) are larger than the values 
measured at 5.1 km (Fig. 20b): whereas Ze only briefly reached ~10 dBZe along the 5.1 km leg, 
Ze was above 10 dBZe for nearly the entire segment at 4.5 km altitude. The variability on the 
scale of individual FSs was now smaller in the time series Ze measurements (Fig. 21b), with 
along-track variations commonly ≤ 1 dB compared to the 2-3 dB variations more typical at 
5.1 km altitude. Further, the variations of several dB more commonly occurred at larger scales, 
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for example, the maxima over ~30 s (~3.5 km) near 0706 and 0707 UTC. The in-situ 
measurements (Fig. 21b,c) show intermittent enhanced values at similar scales (e.g., the 
oscillations in IWC between 0701 and 0705 UTC and the maximum just before 0712 UTC). The 
median N>500 value along the 2.7 km leg, 11.3 L-1, was slightly larger than the median of 9.8 L-1 
for the 5.1 km leg (it should be noted that aggregation may occur with increasing N>500 as that 
parameter only describes the concentrations of particles with D > 500 µm). Larger IWC and Dmm 
were also evident, with median values of 1.6 g m-3 and 1825 µm, respectively, compared to 
0.26 g m-3 and 850 µm for the 5.1 km leg. The largest values of all three parameters were 
collocated with the largest Ze values in the merging FSs near 0712 UTC. 
Particle imagery from the 2D-C for the -12.8°C leg is shown in Fig. 22g-l, again showing 
pairs of image records corresponding to measurements within and between FSs, at the locations 
indicated in Fig. 21b. A mixture of columns and bullet rosettes, occasional hexagonal or 
branching plates, and aggregates is evident. Differences evident compared to the 5.1 km altitude 
measurements include the presence of much larger particles, indicating the increasing importance 
of aggregational growth. Aggregation was evident in the imagery both within and between FSs, 
for example, in the largest particles in panels (g), (h), and (k), in which interlocking components 
of multiple smaller crystals are visually apparent. In addition, the sporadic presence of SLW was 
noted in the King and PVM probe measurements just prior to 0712 UTC. However, while some 
of the observed particles showed evidence of rimed growth, the particle imagery did not 
generally suggest that this was the primary growth mechanism. In contrast with the heavily-
rimed particles observed in the convective GCs at similar temperatures (Fig. 10), many of the 
observed particle characteristics were more consistent with depositional or aggregational growth 
dominating within the stratiform region subsequent to any prior rimed growth that had occurred 
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within the GC region. No significant differences in observed W signatures were evident between 
the FSs and the surrounding regions, and no major change in predominant particle habit was 
evident for most of the segment with respect to location within or between FSs, with the 
measurements near 071130 UTC onward somewhat of an exception. Large aggregates (Fig. 22k) 
were particularly evident at the time when the largest Ze values and SLW were noted, suggesting 
that aggregation was locally enhanced, potentially as a result of increased particle concentrations 
(evident in the corresponding local N>500 maximum evident in Fig. 21) and a larger spectrum of 
particle sizes within the FSs. This is also supported by the rapid transition into large, less-
aggregated rosettes in ice-phase conditions after the aircraft passed beyond the FSs (Fig. 22l).  
b. Comma-head stratiform precipitation 
The microphysical characteristics of the 14-15 February 2010 cyclone are summarized in 
Fig. 23, where the relationship between Dmm and T is plotted for all 10-s size distributions 
measured within the deep stratiform precipitation, with IWC indicated by color shading. The 
more limited measurements obtained in the shallower stratiform precipitation are excluded in 
order to show a data set obtained at multiple altitudes relative to a generally consistent cloud-top 
height (~8 km, as in Fig. 19). Maximum Dmm values were less than 1000 µm near -45°C, 
immediately below the higher-altitude GC region described in Ch. 2.3. The Dmm values generally 
increased with T (corresponding to greater distance below cloud top), particularly for T > -25°C. 
The maximum Dmm values ranged from ~1500-2800 µm between -25 and -10°C, with the 
minimum Dmm values also increasing from ~800 to 1300 µm over this range. The IWC values 
showed a less distinct signature overall with respect to T, but all derived values of IWC > 1 g m-3 
occurred at T > -22°C. 
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FSs were identified objectively using the time series Ze measurements to quantitatively 
compare microphysical characteristics inside and outside of them. These classifications are only 
intended to identify the most enhanced “core” of the FSs, as particles emanate at various 
distances from the GCs based on their mass and the strength of the convective updraft (e.g., 
Houze 1997), and there is more mixing from different regions as the distance from the GCs 
increases. To identify the FSs, measurements above the 60th percentile Ze values within moving 
time windows were classified as FSs. The initial percentile calculation used Ze measurements 
within a 45-s window, but if the variability in Ze within this window was greater than 2 dB, a 
longer window of ±125-s was used instead. The longer window was most generally applicable, 
but the initial, shorter time window allowed for the classification of more subtle features 
(primarily well below GC level) that would not have been classified using the longer window. 
Examples of the FS classifications using both the longer and shorter windows are shown in the 
red points along the Ze time series in Figs. 20b and 21b, with the characteristic features inside 
and outside the FSs described in the previous subsection. 
Using these classifications, the statistical variation of the in-situ parameters with respect 
to T are summarized in Fig. 24, with box-and-whisker plots showing the median and 5th-25th-
75th-95th percentile measurements of N>500, IWC, and Dmm separately for measurements made 
within (blue) and between (red) FSs. The statistics are shown for 5°C intervals centered 
from -42.5°C through -12.5°C. Note that only two 10-s measurements in stratiform precipitation 
were obtained at T = -32.5±2.5°C, so these were not included in the statistical analyses. The 
median N>500 value within the FSs (Fig. 24a) was smallest (5.9 L-1) for T < -40°C, but increased 
with T to between 8.7 and 11.2 L-1 for T > -40°C. The 95th percentile N>500 values increased from 
10.4 to 20.4 L-1 over the same T range. The 5th percentile values ranged from ~2.0 to 8.4 L-1, but 
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aside from a general increase for T > -25°C, no overall trend was evident for the lower N>500 
percentiles. The N>500 percentiles averaged 2.1 times larger within FSs compared to between 
them. 
The statistical percentiles for both IWC (Fig. 24b) and Dmm (Fig. 24c) generally increased 
with T, indicating larger and higher-mass particles, particularly for T > -30°C. The median IWC 
value within FSs increased from 0.1 to 1.4 g m-3 over the entire T range, with the 5th and 95th 
percentiles increasing from 0.05 to 0.5 g m-3 and 0.4 to 3.3 g m-3, respectively. Correspondingly, 
the median Dmm value within FSs increased from 725 to 1800 µm, and the 5th and 95th percentiles 
from 650 to 1325 µm and 1050 to 2100 µm, respectively, over the same T range. Both IWC and 
Dmm were generally enhanced within the FSs, averaging 2.3 and 1.1 times larger overall. The 
largest exception was in the 95th percentile Dmm values for T > -15°C, which were ~1.2 times 
larger between the FSs rather than within them.  
The Mann-Whitney U test (Wilcoxon 1945, Mann and Whitney 1947) was used to 
quantify the statistical distinctness of each subset of measurements, both to compare 
measurements within and between FSs for a given T range, and to identify any dependence of the 
in-situ parameters on T. Applying the test to measurements within each T bin, the N>500 and IWC 
populations were statistically distinct within and between FSs (p < 0.05, with p < 0.01 nearly 
always) for T > -30°C. The Dmm populations were similarly distinct except in the highest T bin. 
Testing for any dependence on T, no overall consistent trend in statistical distinctness was 
evident in the N>500 measurements either within or between FSs (again, however, it should be 
noted that this trend does not include any contribution from particles with D < 500 µm). In 
contrast, the populations of IWC and Dmm (both within and between FSs) were all statistically 
distinct at p < 0.01 for T above -30°C (IWC) and -35°C (Dmm). The same statistical tests were 
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applied with respect to distance below cloud top, with generally similar results, indicating that 
the ice growth processes that occurred (either within the FSs or within the parent GCs) led to 
statistically larger IWC and Dmm values in general. 
Figure 25 shows N(D) averaged by T in the same 5°C intervals as Fig. 24, again 
separating measurements based on whether they were within (solid) or between (dashed) FSs. 
With the exception of the measurements at T < -40°C, consistent changes with respect to T were 
noted for both the measurements within and between FSs. Whereas the measurements at 
T < -40°C were similar to N(D) at T = -37.5±2.5°C but with lower concentrations for 
D < 2000 µm, the averaged N(D) became flatter with increasing T, with lower concentrations for 
D < ~1400 µm. Additionally, increased concentrations of larger particles (D > ~1400 µm) were 
evident and N(D) extended to increasingly large D for higher T, with maximum particle size 
increasing from ~2600 to 7000 µm over the entire T range. The median particle dimension with 
respect to number also indicates the contribution of large particles with increasing T, increasing 
from 675 to 1400 µm within the FSs and from 625 to 1300 µm between them, over the entire T 
range. These signatures, as well as the observed habits, are consistent with depositional growth 
occurring consistently through the ice-supersaturated stratiform environment both within and 
between FSs, as well as aggregational growth becoming increasingly important at higher T, 
producing the observed large particles at the expense of those of smaller sizes. Again, ice-phase 
conditions predominated and riming was not indicated as a significant growth mechanism below 
the GC level in this cyclone. 
The averaged N(D) also show that larger concentrations of most particle sizes were 
typical within FSs compared to between them. Overall, the N(D) values were enhanced by an 
average of ~1.6 times within the FSs, with the differences maximized in most cases for D near 
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~1500-2500 µm. However, some exceptions are evident. Between the FSs at -25 < T < -15°C, 
concentrations of smaller particles (D < 1000 µm) were more similar or even slightly larger than 
those in the FSs, which would be consistent with less aggregation occurring overall between the 
FSs. Additionally, however, the concentrations of particles in the largest size bins at 
T = -37.5±2.5°C and T > -20°C were larger between the FSs than within them, agreeing with the 
Dmm statistics in Fig. 24 that indicated the presence of some large particles but not overall larger 
IWCs. While large particles may have developed in the regions between FSs, it should also be 
noted that mixing may have occurred to reduce the observed differences within and between FSs. 
The measurements at T > -20°C, in particular, were made well below cloud top, allowing more 
time for mixing to occur. Finally, it should be noted that the differences between the averaged 
N(D) within and between FSs in most cases were generally smaller than the differences between 
each temperature interval. 
c. Discussion 
These observations provide information about how processes in the stratiform region act 
in association with the GC regions further aloft to produce precipitation. The analyses, along 
with those described in Ch. 2.3, place the comma-head precipitation in the context of a seeder-
feeder mechanism. The convective nature of the GCs is necessary for particle nucleation, and the 
cells provide an environment for the initial growth of particles. As the particles grow larger and 
descend, weaker synoptic-scale ascent provides enhanced moisture for diffusive particle growth 
in the region below (Rosenow et al. 2014). This mechanism is evident in the measurements of 
the 14-15 February 2010 cyclone, with a clear transition evident from convective GC regions at 
cloud top to stratiform regions below. Particles emanating from GCs were most evident as FSs of 
enhanced Ze consistently observed descending through the stratiform regions (Figs. 19-21). 
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These FSs did not feature distinct W signatures, and they generally merged or became more 
diffuse with increasing distance from the GC regions, as noted in a comparison of the Ze profiles 
in Fig. 20 vs. Fig. 21.  
While the 15 February 2010 research flight legs were performed at discrete levels rather 
than descending spirals (e.g., Lo and Passarelli 1982, McFarquhar et al. 2007b), the vertical 
distributions of the observed habits and derived parameters provide insight into the 
microphysical processes occurring through the comma-head precipitation. As expected for an 
ice-saturated environment, the observed particle habits were consistent with vapor deposition 
occurring in the stratiform region, with aggregational growth becoming increasingly important at 
higher temperatures, consistent with past studies of stratiform precipitation topped by GCs (e.g., 
Houze et al. 1981, Evans et al. 2005). However, in this study, aggregation was an important 
growth mechanism at lower temperatures than in those studies, more similar to measurements 
within nimbostratus described by Wolde and Vali (2002). Riming was rarely indicated as a 
growth mechanism below the GC level in this cyclone, since measurements only showed 
sporadic regions (~3% of the observations) with SLW present in the stratiform region. The 
particle imagery did not indicate that riming was as important to particle growth within the 
stratiform precipitation in comparison with the GCs occurring at higher temperatures described 
in Ch. 2.3 for this cyclone. 
Within the stratiform region, a majority of particle growth occurred within the stratiform 
region as opposed to the GCs. Median IWCs of ~0.1 g m-3 and Dmm ≤ ~700 µm were indicated 
for the GCs in this cyclone (Fig. 5), in contrast to the median IWC of up to 1.4 g m-3 and Dmm of 
1800 µm observed in the stratiform region (Fig. 24). The 95th percentile IWC and Dmm values 
were similarly much larger in the deep stratiform region compared to the GCs. These increased 
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values in the stratiform regions correspond well to prior estimates of particle growth such as 
those described by Houze et al. (1981). 
Ice growth occurred both within and between the FSs, but the observed particle habits did 
not suggest different processes occurring in most cases, either in the individual plumes near the 
GC regions or in the larger-scale Ze enhancements further below. An exception was the enhanced 
aggregation observed in the presence of SLW in some of the FSs at 2.7 km altitude (-12.8°C), 
followed by a rapid transition to less-aggregated particles outside of the FSs (Figs. 21-22). 
Overall, the differences with respect to T, particularly for the IWC and Dmm statistics and 
averaged N(D), were usually larger than the differences within and between FSs. While distinct 
signatures were commonly present within a given T interval, the growth processes more 
generally occurring as the particles descended ultimately had a major impact on the resulting 
microphysical properties. The relative impact of the enhanced initial N>500 and IWC values 
within FSs on subsequent ice growth, as compared to differences in growth rates within and 
between FSs, will be addressed in the following section. 
3.4. Statistics of full data set 
a. Description and general properties 
Airborne measurements were made within stratiform precipitation during 16 PLOWS 
research flights sampling 14 cyclones, encompassing a more extensive range of environments 
than those from the single flight described in Ch. 3.3. Figure 26 summarizes approximately 
32 hours of measurements in terms of T and Dmm, with IWC indicated by color shading, averaged 
over 10-s intervals for the entire stratiform data set. The measurements range from 
approximately -4 to -45°C. The IWC and Dmm values showed considerable scatter with respect to 
T, but the largest values of both parameters were evident at higher T. The largest IWCs, 1 g m-3 
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or more, primarily occurred at T > -18°C, with most having Dmm ≥ 2000 µm and occurring at 
T > -15°C, indicating that large particles were typically present at the largest IWCs. Additionally, 
as in the 15 February 2010 case, SLW was sporadically observed in the stratiform precipitation 
regions within the full data set. Using the same LWC threshold of 0.05 g m-3 as in Ch. 2, SLW 
was encountered in ~1% of the stratiform measurements, compared to 26% of the measurements 
in GCs. Most observations of SLW occurred at T ≥ -15°C, with the median LWC ~0.06 g m-3 
and nearly all values below 0.1 g m-3. 
 Figure 27a,b summarizes the measurements in terms of Ze and Dmm, with color shading 
indicating the corresponding N>500 values. Measurements are now separated for data within (Fig. 
27a) and between (Fig. 27b) FSs, as identified using the criteria described in Ch. 3.3. The lines in 
Fig. 27a indicate the median Ze values with respect to each Dmm bin for measurements within 
(solid black line) and between (dashed grey line) FSs. Nearly all of the measurements featured Ze 
between approximately -25 dBZe and +18 dBZe, with the values broadly increasing as Dmm 
increased from 500 µm to ~2000 µm. The largest Ze values occurred near Dmm = 2000 µm, 
although fewer data points were present for larger Dmm. While the range of Ze, Dmm, and N>500 
overlapped for measurements made within and between FSs, a slight increase is evident in the 
median Ze values within the FSs for a given Dmm. Comparison of the N>500 measurements and 
corresponding IWC values (shaded in Fig. 27c,d) provides insight into the Ze enhancements. For 
a given Dmm value, the range of both parameters was generally shifted towards larger values 
within FSs, increasing the Ze values. 
 The measurements of Ze, N>500, IWC, and Dmm for the entire stratiform data set are 
summarized relative to 5°C temperature intervals using box-and-whisker plots in Fig. 28, again 
showing statistics separately for measurements within (blue) and between (red) FSs. Figure 28a 
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shows an overall increase in Ze with increasing T, with Ze maximizing for T > -10°C. The median 
Ze value within FSs increased from approximately -6 to +13 dBZe over the entire T range. The 
corresponding values averaged ~2 dB smaller between the FSs, consistent with the FSs’ 
definition being based on localized Ze enhancements. A less distinct increase in the median N>500 
values (Fig. 28b) with T was evident over the entire T range, with somewhat more variability 
evident in the statistical extrema. The median values within FSs ranged from 3.6 L-1 to 12.9 L-1, 
with the largest increases occurring for T > -10°C. Larger N>500 values were consistently present 
within FSs, averaging ~1.9 times larger overall compared to the values between FSs. With little 
exception, the IWC and Dmm percentiles (Fig. 28c,d) increased with T both within and between 
FSs. The median IWCs within FSs increased from 0.05 to ~0.6 g m-3 over the entire T range, 
with the 95th percentile values increasing from 0.2 to 2.7 g m-3 over the same T range. The 
corresponding median Dmm values increased from 725 to 1900 µm, with the 5th-95th percentile 
range increasing from 550-975 µm to ~975-3000 µm. Both IWC and Dmm were generally 
enhanced within FSs, averaging 2.3 and 1.1 times larger, respectively, compared to the 
corresponding values between the FSs, with the main exception the Dmm statistics at 
T = -7.5±2.5°C, which were similar or slightly smaller within FSs.  
 The statistics of the in-situ measurements are generally consistent with those shown in 
Fig. 24 for the 15 February 2010 measurements. Compared to the individual case study, the full 
data set shows similarly enhanced N>500 and Dmm values, and an overall larger enhancement in 
IWC within FSs occurring at a given air temperature. The populations of N>500, IWC, and Dmm 
within and between FSs were statistically distinct (p < 0.01) for each T bin, excepting N>500 and 
IWC for T > -5°C and Dmm for T > -10°C. With the exception of the measurements towards 
either end of the T range, the IWC and Dmm populations were more consistently distinct between 
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each consecutive T interval, as compared to the N>500 measurements. Overall, while difficulties 
exist in exactly separating the FSs from the surrounding environments, and mixing may reduce 
the observed differences, the FSs are characterized overall both by statistically enhanced ice 
concentrations (similar to measurements of several fall streaks by Henrion et al. 1978) and 
increased total ice mass over much of the observed temperature range. Ultimately, then, the Ze 
enhancements that characterize FSs are associated both with larger concentrations as well as a 
general increase in the number of larger particles. 
The characteristics of the observed number distribution functions also provide insight 
into particle growth characteristics within and between FSs. Figure 29 shows the averaged N(D) 
within (solid) and between (dashed) FSs for the same 5°C intervals as in Fig. 28. Overall, the 
averaged N(D) at lower T had similar distributions but with increasing concentrations over the 
observed size range as T increased. Particularly for T > -25°C, however, N(D) became flatter and 
wider as T increased, generally with a decreasing contribution of particles with D < ~1000 µm 
and maximum D increasing from ~2500 to 9000 µm. These characteristics are consistent with an 
overall transition from deposition-dominated growth at lower T to aggregational growth 
becoming important with increasing T (e.g., Houze et al. 1979, Lo and Passarelli 1982, Gordon 
and Marwitz 1986, Field 1999, McFarquhar et al. 2007b). Some prior studies such as Henrion et 
al. (1978) have indicated deposition as the primary growth mechanism necessary to explain 
increasing Ze values within FSs. However, the current results agree with past studies (e.g., Hobbs 
and Locatelli 1978, Passarelli 1978a,b, Herzegh and Hobbs 1980, Hobbs et al. 1980, Matejka et 
al. 1980, Houze et al. 1981, and Mitchell 1988) concluding that both deposition and aggregation 
are necessary to produce observed particle characteristics. Aside from deposition and 
aggregation, some visual evidence of rimed growth w
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particularly in the limited regions where SLW was encountered. However, riming was not an 
important growth mechanism below the GC level due to the infrequency with which SLW was 
measured. 
The averaged N(D) featured larger number concentrations within FSs for most size bins. 
Similar to the 15 February 2010 case study (Fig. 25), concentrations of smaller particles were 
generally the least enhanced, averaging ~1.3 times larger in FSs for D < 1000 µm. However, 
compared to the case study, the relative enhancement within FSs more consistently increased for 
larger particle sizes at most temperatures. The largest enhancements in FSs (a factor of 3 or 
more) were evident for the largest particles (D > 4000 µm) sampled at T = -12.5±2.5°C. The 
main exceptions to this general trend were in the measurements at T > -10°C. In those 
environments, while concentrations of particles with D < ~500 µm were larger within FSs, the 
concentrations of larger particles were more similar or even larger between FSs. Again, ice 
growth occurred within and between FSs, and mixing decreased the differences in characteristics 
between FSs and their surrounding environment.  
The full PLOWS data set helps define how the characteristics of the number distributions 
relate both to air temperature and to location within or between FSs. At T < ~-25°C the averaged 
N(D) between FSs for a given T bin were relatively similar to the averaged N(D) within FSs for 
the next lower T bin. As T increased to -10°C, the averaged N(D) extended to much larger 
particle sizes, and the differences between FSs and their surrounding environment became larger. 
Above -10°C, the concentrations of large particles increased with T but were more similar within 
and between FSs. Thus, while the FSs were generally defined by enhanced ice concentrations 
and mass relative to surrounding regions in a similar environment, the growth processes 
occurring as particles descend may ultimately have had an overall larger impact on the resulting 
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microphysical properties compared to any differences inside or outside of FSs. Future numerical 
modeling work, described below and in Ch. 4, will help quantify the importance of these 
processes. 
b. Discussion with respect to cloud-top generating cells 
 The analyses discussed above are combined with the analyses of the entire PLOWS GC 
data set described in Ch. 2.4 to provide a more complete description of the precipitation 
processes occurring in the observed cyclones. As in the case study described in Ch. 3.3 and prior 
studies such as Hobbs and Locatelli et al. (1978), Matejka et al. (1980), Reynolds and 
Kuciauskas (1988), Sienkewicz et al. (1989), Cunningham and Yuter (2014), the measurements 
of the entire data set indicate the importance of the seeder-feeder process to cyclone precipitation 
structure. Most generally, enhanced nucleation associated with the convective GCs initiates the 
production of precipitation-sized ice particles. Initial ice growth occurs within the GCs, with 
hydrometeors subsequently descending into the regions below that are characterized by 
stratiform conditions with weak synoptic-scale ascent and ice supersaturation present (Rauber et 
al. 2014b, Rosenow et al. 2014). The stratiform regions provide the necessary moisture to allow 
additional ice growth as the particles descend. 
Comparison of the statistical properties of the in-situ measurements made in GC regions 
(Fig. 12) to those described above within the FSs (Fig. 28) provides insight into the ice growth 
processes that occurred within the observed cyclones. Consistently smaller median IWC values 
(0.02 to 0.13 g m-3) and generally smaller upper percentile values (95th percentiles 0.17 to 
0.51 g m-3, with one outlier of 2.3 g m-3) occurred within GCs, compared to the corresponding 
values in FSs (medians 0.05 to 0.6 g m-3, 95th percentiles 0.2 to 2.7 g m-3) at similar 
temperatures. The relative difference in IWC became larger overall as temperature increased. 
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This indicates that growth in the FSs in stratiform regions, coupled with nucleation in the GCs, is 
critical to the development of precipitation in midlatitude cyclones. Additionally, for all but the 
Dmm values near -30°C, the median (~600 to 1250 µm) and upper percentile values (95th 
percentiles ~825 to 2400 µm) were generally similar or smaller for the observations in GCs than 
for the measurements in FSs (median values 725 to 1900 µm, 95th percentiles ~975 to 3000 µm).  
Comparison of the averaged N(D) in Fig. 14 and Fig. 29 similarly shows that increased 
concentrations of larger particles were typical for the measurements of FSs compared to those 
made in GCs. Where the measurements’ temperature ranges approximately overlapped, 
maximum D increased from ~2000 to 7000 µm for the measurements in GCs, compared with 
~2600 to 8600 µm in FSs. These signatures are consistent with the particles sampled in FSs 
having experienced additional growth during their descent from higher altitudes, compared to 
particles undergoing initial growth within GCs at similar temperatures.  
The increased IWC evident in FSs, particularly at higher temperatures, indicates that the 
primary hydrometeor growth occurs within the stratiform regions below GCs, consistent with 
past studies (e.g., Houze et al. 1976, Matejka et al. 1980, Herzegh and Hobbs 1980, and Houze et 
al. 1981) estimating that only ~20% of ice growth occurred within the GC regions of the 
observed cyclones. The primary exceptions were in the largest IWCs occurring in GCs sampled 
at the highest temperatures (T > -16°C). The 95th percentile IWC value for these measurements 
was 2.3 g m-3, which was larger than the corresponding values (~1.9 g m-3) in FSs at similar 
temperatures. Depositional ice growth is likely to be maximized in this temperature range (e.g., 
Magono and Lee 1966, Pruppacher and Klett 1997, Bailey and Hallett 2009) and relatively large 
LWCs were commonly produced in the observed GCs, providing favorable conditions for 
substantial growth by deposition and riming in some GCs, in addition to aggregation, which 
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becomes increasingly important as temperature increases (e.g., Hobbs et al. 1974). The other 
IWC percentile values remained smaller for the measurements in GCs as compared to the 
corresponding values within FSs. Thus, while a subset of the GCs sampled in this temperature 
range produced large IWCs while hydrometeors remained within the GCs, the observations were 
overall consistent with a majority of ice growth typically occurring within the stratiform regions 
below GCs. 
3.5. Discussion and conclusions 
 Regions of stratiform precipitation within the comma heads of 14 cold-season 
extratropical cyclones were sampled using airborne cloud radar and in-situ microphysical 
instrumentation during the Profiling of Winter Storms field campaign (PLOWS). Measurements 
of equivalent radar reflectivity (Ze) obtained using the University of Wyoming Cloud Radar 
(WCR) were used to identify hydrometeor fall streaks (FSs) emanating from cloud-top 
convective generating cells (GCs) and embedded in regions of stratiform cloud below. Both 
individual FSs and larger-scale mergers of FSs were identified as regions of locally-enhanced Ze 
values. Based on the Ze measurements, the in-situ observations were then analyzed to identify 
how ice concentrations and derived mass and size distribution characteristics varied with respect 
to the environment and to location within or between FSs, providing insight into the 
microphysical processes occurring throughout the stratiform precipitation regions. This work 
extends beyond past studies in that statistical analyses were applied to a large observed set of 
cyclones encompassing a wide range of environments, and in that the results are combined with 
the statistical analyses presented in Ch. 2.4 of GCs in many of the same cyclones, in order to 
more fully describe the physical processes producing precipitation. As in those analyses, the 
processing used for in-situ measurements in the current study also accounted for the impact of 
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particle shattering on the resulting derived properties. The primary conclusions of this study are 
as follows: 
1) The values of N>500, IWC, and Dmm were statistically enhanced overall within FSs 
compared to between them, averaging approximately 1.9, 2.3, and 1.1 times larger, 
respectively. 
2) Increased particle sizes as well as concentrations were responsible for the observed 
FS signatures. The averaged number distribution functions, N(D), were generally 
enhanced within compared to between FSs. Concentrations of smaller particles were 
generally the least enhanced, with concentrations for D < 1000 µm averaging ~1.3 
times larger overall. Additionally, for all but the measurements at T > -10°C, the 
relative enhancement within FSs increased with particle size, with the largest 
enhancements (a factor of 3 or more) evident for particles of D > 4000 µm sampled at 
T = -12.5±2.5°C. 
3) Particle imagery and derived characteristics indicate that deposition was an important 
growth mechanism below the GC level, with aggregation becoming progressively 
more important as temperature increased. Supercooled liquid water was observed 
only infrequently, and riming was not a dominant growth mechanism below the GC 
regions. Similar growth mechanisms were found within and between FSs, with no 
significant differences in the vertical velocity signatures evident between the FSs and 
surrounding regions. 
4) Within most 5°C temperature intervals, the populations of N>500, IWC, and Dmm were 
statistically distinct at the 0.01 significance level within and between FSs, with the 
exceptions being N>500 and IWC for T > -5°C and Dmm for T > -10°C. With respect to 
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temperature, the populations of IWC and Dmm were statistically distinct between each 
5°C interval at all but the highest and lowest temperatures. In contrast, the 
populations of N>500 were less consistently distinct with respect to temperature. 
5) Although distinct microphysical characteristics were observed within and between 
FSs, larger overall differences were commonly noted between subsequent 
temperature intervals, indicating the importance of the ice growth processes more 
generally occurring, as compared to any enhanced growth potentially occurring 
within the FSs themselves. 
6) Larger IWC and Dmm values were commonly observed in FSs (median values 0.05 to 
0.6 g m-3 and 725 to 1900 µm, respectively) compared to measurements within GCs 
at similar temperatures (median values 0.02 to 0.13 g m-3 and ~600 to 1250 µm), with 
the relative difference generally increasing with temperature. This provides evidence 
indicating that, while the GCs are critical to nucleation and initial ice growth, the 
majority of growth generally occurs below the GC level. 
Together with the analyses of GCs described in Ch. 2, the results help to define the 
microphysical processes occurring throughout the comma-head region of cyclones of the 
cyclones observed during PLOWS. The results are generally consistent with past studies of 
cyclone precipitation structure describing seeder-feeder mechanisms (e.g., Houze et al. 1976, 
Hobbs and Locatelli et al. 1978, Matejka et al. 1980, Rutledge and Hobbs 1983, Reynolds and 
Kuciauskas 1988, Sienkewicz et al. 1989, Cunningham and Yuter 2014), but extend them to a 
larger range of environments within 14 observed midlatitude cyclones. As detailed in Ch. 2, the 
production of precipitation-sized ice particles was initiated in the GC layer, with the convective 
nature of the GCs acting to enhance ice nucleation (see also Houze et al. 1981, Ikeda et al. 2007, 
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Crosier et al. 2014). Initial hydrometeor growth also occurred within the GC regions, but 
enhanced moisture within the regions below (associated with synoptic-scale ascent diagnosed 
below the GC level in many cases, e.g., Rauber et al. 2014b, Rosenow et al. 2014) allowed more 
ice growth to occur relative to the GC regions, as evident in the larger IWC and Dmm values seen 
in the stratiform regions. Following prior studies (e.g., Passarelli 1978a,b, Mitchell 1988), 
deposition and aggregation were the dominant growth mechanisms in the ice phase-dominated 
stratiform regions. 
 Locally-enhanced Ze values embedded within the stratiform region were evident, both on 
the scale of the individual FSs and for larger regions where multiple FSs merged together. While 
ice growth consistently occurred both within and between these features, statistical analyses 
showed that the characteristic enhanced Ze values were typically associated with overall larger 
number concentrations and mass (Figs. 24, 28) as well as a general increase in the number of 
large particles present (Figs. 25, 29). While these characteristics were complicated both by the 
difficulties in separating the FSs from the surrounding regions, as well as the potential for the FS 
characteristics to mix out over time (visually evident in many cases as the FSs became 
increasingly diffuse with depth in cloud), the signatures were generally consistent in both the 
individual case study and the full PLOWS data set 
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CHAPTER 4 
SUMMARY AND POTENTIAL FUTURE WORK 
This study has described the microphysical characteristics and processes producing 
precipitation in the comma-head region of cold-season midlatitude cyclones. Analyses of 
observations obtained in multiple cyclones consistently show the importance of cloud-top 
convective generating cells (GCs) to ice nucleation as well as initial ice growth. Subsequent ice 
growth occurs as hydrometeors descend through regions of stratiform precipitation below, with 
embedded regions of enhanced ice number concentrations and mass evident as fall streaks (FSs) 
of particles emanating from the GCs and descending through the stratiform cloud. While the 
observation-based analyses presented in Ch. 2 and 3 describe many of the characteristics of ice 
growth occurring within the GC and stratiform regions, three specific areas of work will be 
completed to provide additional support for the results and to extend them beyond what may be 
inferred strictly from observations.  
First, many of the results are dependent on the exact identification of fall streaks (FSs). 
Similar to the sensitivity study described in Ch. 2.4 for GCs, a range of Ze-based criteria will be 
used to identify FSs, and the statistics of microphysical characteristics can be reanalyzed 
accordingly. This will quantify the results’ robustness in terms of how the FSs are separated from 
their surrounding environments. 
 Additionally, analytical fits (e.g., McFarquhar et al. 2007b, McFarquhar et al. 2014) can 
be applied to the measured number distributions. The impact of these calculations would be 
twofold. For the purposes of this study, it would allow more quantitative statements to be made 
about the dependence of the number distribution characteristics on temperature and location 
inside or outside of FSs. Beyond this, the properties of analytic fits have more applicability to 
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studies using numerical models, which use parameterizations to represent the properties of 
simulated hydrometeor distributions. 
 Following Grim et al. (2009), a microphysical column model can be used to simulate the 
evolution of hydrometeor size distributions using the observational data to provide 
environmental properties and initial particle characteristics. Because the observational data set 
consisted of aircraft passes at discrete locations, rather than Lagrangian descents designed to 
track populations of hydrometeors, only a limited amount of information can be inferred 
regarding ice growth characteristics over time. The use of column model simulations will 
provide valuable information regarding the subsequent development of an observed hydrometeor 
distribution in a given environment. Simulations will be used to identify more quantitatively the 
ice growth properties within and below GC regions, evaluating the relative importance of each 
region to the total ice growth. Additionally, the simulations will be used to determine the growth 
characteristics within and between FSs, helping identify whether the initial enhancements in 
number concentration and IWC within the FSs are sufficient to explain their observed signatures 
upon subsequent growth, or if ice growth processes must be enhanced within them to produce the 
observed signatures. Combined with the observational results in Ch. 2 and 3, these analyses will 
more completely describe the processes producing precipitation within the comma-head regions 
of cold-season midlatitude cyclones. 
Finally, the development of kinematic numerical simulations can be used to further 
investigate the relationship between FSs and precipitation bands. Multiple possibilities for 
precipitation band development have been discussed in past studies, including the release of 
potential instability (e.g., Elliott and Hovind 1964, Kreitzberg and Brown 1970, Browning et al. 
1973, Kreitzberg and Perkey 1977) or symmetric instability (Bennetts and Hoskins 1979, 
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Innocentini et al. 1992, Persson and Warner 1995, Jurewicz and Evans 2004). Alternatively, 
Wexler (1955) discussed a potential link between FSs and precipitation bands, suggesting that 
horizontal wind shear acted to organize the fall streaks into larger-scale, linear structures, 
potentially creating environments favorable for enhanced aggregation and (through moisture 
convergence) enhanced diffusional ice growth. Some evidence for this is noted in the cloud radar 
measurements described in this study, which in some instances show FSs merging into larger 
areas of persistently-enhanced radar reflectivity, which have no significant vertical velocity 
signatures and appear to correspond to bands of enhanced reflectivity evident in ground-based 
scanning radar measurements. The use of kinematic simulations would provide information to 
evaluate this possibility by describing the effects of deformational wind flow on particles 
initialized at the model top (representing the GC regions) and descending through the model 
domain. The results of the simulations would then be evaluated against observations of organized 
precipitation bands in the PLOWS data set. 
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APPENDIX4 
A comparison of properties derived from the originally-processed 2D-C and 2D-P 
measurements for particles within the probes’ typical overlap range (800 to 1400 µm) revealed 
that the number distribution functions, N(D), derived from the 2D-C measurements were 
consistently larger than those derived from the originally-processed 2D-P measurements by up to 
an order of magnitude. This is a larger discrepancy than expected given differences in probe 
resolution, response, and location aboard the aircraft. Typical examples are shown with the blue 
(2D-C) and red (2D-P) lines in Fig. A1a for a portion of the 15 February 2010 research flight. 
Although the offset between the measurements was not consistent over any flight, the N(D) from 
the 2D-C was always substantially larger than that from the 2D-P. The largest discrepancies 
between the 2D-C and 2D-P were identified where particle sizes were predominantly near the 
small end of the 2D-P size range. Subsequent investigation of the individual 2D-P photodiode 
response over every flight revealed uneven activity, with reduced response consistently evident 
across the center of the photodiode array (Fig. A1b). 
While the magnitude of the reduced photodiode response decreased for larger particles, 
the issue was evident over most of the 2D-P size range. Because of this, the 2D-P measurements 
were ultimately processed separately for two subsets of the photodiodes, the first twelve and the 
final eight surrounding the center of the array, using reconstruction techniques to derive D for 
particles partially outside the field of view of the photodiode subsets (Heymsfield and Parrish 
1978). The measurements from the 2D-P photodiode subsets (e.g., the orange and green lines in 
Fig. A1a) were much more similar to the 2D-C measurements in the probes’ overlapping size 
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range, compared to the measurements using the full photodiode array, and the values varied 
about the 2D-C measurements as would be expected given the 2D-P’s lower resolution. The best 
agreement was found for environments where ice particles were predominantly of simple shapes 
(e.g., heavily rimed crystals) that were represented relatively well in the lower-resolution 2D-P 
measurements. Further, the 2D-P typically undersized more complex particles relative to the 
2D-C. Ultimately, a threshold diameter of 2000 µm was used as the cutoff between the 2D-C and 
2D-P measurements to provide a balance between the higher-resolution 2D-C data and the more 
heavily-processed 2D-P data. Measurements of particles larger than 2000 µm in diameter were 
represented by averaging the two 2D-P data subsets. An example of the final, combined N(D) is 
shown with the black line in Fig. A1a, using larger bin widths relative to the original 2D-C (blue) 
and 2D-P (red) measurements to incorporate more measurements within each size bin. 
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TABLE AND FIGURES 
 
Table 1: PLOWS flight legs contributing to GC data set, sorted by average temperature. Note 
that measurements within 105 m of cloud top are assigned a depth of 0 m. 
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Figure 1: WSR-88D composite reflectivity overlaid with Rapid Update Cycle mean sea level 
pressure analysis, both valid 0800 UTC 15 February 2010, with the yellow line indicating the 
research flight track within the operations area over southern Indiana.  
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Figure 2: (a) Ze profile for the 0800-0819 UTC 15 February 2010 flight leg. Dashed lines 
indicate altitudes of aircraft passes along similar flight tracks between 0350-0720 UTC, and 
dash-dot lines indicate passes between 0740-1100 UTC; (b) Higher-resolution Ze profile for 
0810-0819 UTC; (c) Ze profile for 1004-1024 UTC, representative of the shallower precipitation 
region in the southwestern half of panel (a). 
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Figure 3: Profiles of W during the 15 February 2010 research flight, valid: (a) 0525-0540 UTC; 
(b) 0810-0815-0820 UTC; (c) 1015-1020 UTC, with positive W values indicating upward 
vertical motion. The vertical stripes in panels (b) and (c) are caused by turbulence at the GC level 
rocking the aircraft so that the beams tilted and thus measured both vertical particle motion and a 
component of the horizontal wind. 
67 
 
 
Figure 4: Time series of: (a) Ze (blue, left axis) and N>500 (black, right axis); (b) IWC (blue, left  
axis) and Dmm (black, right axis), for the 7.3 km altitude flight leg, valid 0810-0819 UTC 15 
February 2010. Panels (c) and (d) show the same parameters for the 6.8 km altitude flight leg, 
valid 0439-044630 UTC 15 February 2010. Shading around the N>500, IWC, and Dmm values 
indicates fractional uncertainty in measurements based on p0.5, where p is the total number of 
observed particles in each 5-s average. Vertical grey boxes in panels (a) and (c) indicate 5-s 
intervals classified as GC cores according to 4 dB relative maxima in Ze after smoothing to 
address very fine-scale variability. 
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Figure 5: Median and 5th, 25th, 75th, and 95th percentiles for: (a) N>500 (L-1); (b) IWC (g m-3); (c)  
Dmm (µm) for flight legs at 7.3, 6.8, 3.5, and 2.6 km altitude from the 15 February 2010 research 
flight. The median and percentiles in blue are for measurements within GC cores, and the median 
and percentiles in red are between GCs. 
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Figure 6: Averaged N(D) for four flight legs during the 15 February 2010 research flight, with 
coloring indicating the 0810-0819 UTC (red), 0439-044630 UTC (orange), 1004-1024 UTC 
(green), and 1033-1048 UTC (blue) flight segments, respectively, for measurements within 
(solid) and between (dashed) GC cores. 
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Figure 7: 2D-C shadow images from GC regions sampled during the 15 February 2010 research 
flight, relative to altitude and air temperature, corresponding to the flight segments in Fig. 4. 
Image records valid: (a) 081423 UTC; (b) 081123 UTC; (c) 042503 UTC; (d) 044500 UTC; (e) 
081435 UTC; (f) 081147 UTC; (g) 042503 UTC; (h) 044440 UTC. Panels (a)-(d) consist of 
measurements within GC cores, and (e)-(h) of measurements at Ze minima between GCs. 
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Figure 8: Time series of: (a) Ze (blue, left axis) and N>500 (black, right axis); (b) IWC (blue, left 
axis) and Dmm (black, right axis); (c) King (blue) and PVM (red) LWC > 0.05 g m-3 (left axis), 
and RICE voltage (black, right axis), for the 3.5 km altitude flight leg, valid 1004-1024 UTC 15 
February 2010. Panels (d)-(f) show the same parameters for the 2.6 km altitude flight leg, valid 
1033-1048 UTC 15 February 2010. Shading around the N>500, IWC, and Dmm values indicates 
fractional uncertainty in measurements based on p0.5, where p is the total number of observed 
particles in each 5-s average. 
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Figure 9: Time series measurements of Ze (black), and King (blue) and PVM (red) LWC valid 
1015-1018 UTC 15 February 2010. 
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Figure 10: As in Fig. 7, but corresponding to the flight segments in Fig. 8, for particles sampled: 
(a) 100406 UTC; (b) 101342 UTC; (c) 101638 UTC; (d) 104407 UTC; (e) 103448 UTC; (f) 
103322 UTC; (g) 100419 UTC; (h) 101340 UTC; (i) 101628 UTC; (j) 104435 UTC; (k) 103428 
UTC; (l) 103301 UTC. Panels (a)-(f) consist of measurements within GC cores, and (g)-(l) of 
measurements at Ze minima between GCs. 
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Figure 11: All T-Dmm data pairs within generating cell regions, using 5-s averaging. Color scale 
indicates IWC (g m-3). 
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Figure 12: As in Fig. 5, but showing statistics for: (a) Ze; (b) N>500; (c) IWC; (d) Dmm, in 10°C 
intervals for entire generating cell data set. The median and percentiles in blue are for 
measurements within GC cores, and the median and percentiles in red are between GCs. 
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Figure 13: Panels (a) and (b) show Ze-Dmm data pairs, with N>500 (L-1) indicated by color shading, 
for measurements within (a) and between (b) GC cores, using 5-second averaging. Panels (c) and 
(d) show the same data pairs, but with IWC (g m-3) indicated by color shading. The lines in panel 
(a) indicate the median Ze values with respect to Dmm, for measurements within (black) and 
between (dashed gray) GC cores. 
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Figure 14: As in Fig. 9, but N(D) averaged in the 10°C intervals indicated in Fig. 14 for the 
entire generating cell data set. 
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Figure 15: (a) Scatter plot of King (blue) and PVM (red) LWC > 0.05 g m-3 with respect to T, 
with solid lines indicating median values in 5°C intervals; (b) Cumulative distribution functions 
showing fraction of PVM (solid) and King (dashed) measurements at or below the x-axis values, 
along with total number of 1-s resolution measurements in each T interval. 
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Figure 16: As in Fig. 15, but SLW measurements shown with respect to radar-derived cloud top, 
with median and cumulative distribution function calculations using 0.33 km intervals. 
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Figure 17: As in Fig. 13, but showing only measurements within GC cores, with ice-phase 
measurements in panels (a) and (c), and mixed-phase measurements in panels (b) and (d). The 
lines in panel (a) indicate the median Ze values with respect to Dmm, for measurements within ice-
phase (black) and mixed-phase (dashed gray) conditions. 
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Figure 18: As in Fig. 14, but for ice-phase (solid) and mixed-phase (dashed) measurements for 
entire generating cell data set. 
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Figure 19: (a) Ze profile for the 0800-0819 UTC 15 February 2010 flight leg. Dashed lines 
indicate altitudes of aircraft passes along similar flight tracks between 0350-0720 UTC, and 
dash-dot lines indicate passes between 0740-1100 UTC; (b) W profile for the same flight leg as 
in panel (a). The vertical stripes in the right half of the profile are caused by turbulence at the 
generating cell level rocking the aircraft so that the radar beams tilted and measured both vertical 
particle motion and a component of the horizontal wind. 
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Figure 20: (a) Ze profile valid 0525-0540 UTC 15 February 2010. Corresponding time series of: 
(b) Ze (blue, left axis) and N>500 (black, right axis); (c) IWC (blue, left axis) and Dmm (black, right 
axis), for measurements at 5.1 km altitude. The arrows in panel (a) indicate multiple fall streaks 
referred to in the text. The vertical lines in panel (b) indicate location of particle imagery in Fig. 
22, and red dots along the Ze time series indicate measurements classified as fall streaks. 
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Figure 21: As in Fig. 20, but for measurements valid 0700-0715 UTC 15 February 2010, at 
2.7 km altitude. Note that the color scale in panel (a) has been modified relative to the previous 
figures to emphasize the features deep within cloud at the expense of showing the lower-
reflectivity cloud-top generating cells. 
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Figure 22: 2D-C shadow images sampled during the 15 February 2010 research flight, relative to 
altitude and air temperature, corresponding to the flight segments in Figs. 20 and 21. Image 
records valid: (a) 052630 UTC; (b) 052647 UTC; (c) 053014 UTC; (d) 053103 UTC; (e) 053840 
UTC; (f) 053930 UTC; (g) 070511 UTC; (h) 070545 UTC; (i) 070906 UTC; (j) 070928 UTC; 
(k) 071130 UTC; and (l) 071215 UTC. Temperatures listed in blue (red) indicate particle 
imagery obtained within (between) fall streaks. 
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Figure 23: All T-Dmm data pairs within deep comma-head stratiform precipitation on the 15 
February 2010 research flight, using 10-s averaging. Color scale indicates IWC (g m-3). 
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Figure 24: Median and 5th, 25th, 75th, and 95th percentile values for: (a) N>500 (L-1); (b) IWC 
(g m-3); (c) Dmm (µm), relative to 5°C T increments for all measurements in deep comma-head 
stratiform precipitation during the 15 February 2010 research flight. Measurements are separated 
by their occurrence within (blue) and between (red) fall streaks. 
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Figure 25: Averaged N(D) for measurements shown in Fig. 24, again showing measurements 
separately within (solid) and between (dashed) fall streaks. 
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Figure 26: As in Fig. 23, but showing all measurements within stratiform precipitation regions. 
90 
 
 
Figure 27: Panels (a) and (b) show Ze-Dmm data pairs, with N>500 (L-1) indicated by color shading, 
for all measurements within (a) and between (b) fall streaks, using 10-second averaging. Panels 
(c) and (d) show the same data pairs, but with IWC (g m-3) indicated by color shading. The lines 
in panel (a) indicate the median Ze values with respect to Dmm, for measurements within (black) 
and between (dashed gray) fall streaks, calculated for Dmm bins with at least 10 measurements. 
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Figure 28: As in Fig. 24, but showing statistics for (a) Ze; (b) N>500; (c) IWC; and (d) Dmm for all 
measurements within stratiform precipitation regions. 
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Figure 29: As in Fig. 25, but showing all measurements within stratiform precipitation regions. 
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Figure A1: (a) N(D) averaged from 1004-1024 UTC 15 February 2010, for: 2D-C (blue) and 
2D-P (red) for all photodiodes, both using native bin resolution, 2D-P photodiode subsets 1 
(orange) and 2 (green), and final combined 2D-C/P distribution (black); (b) Summed individual 
2D-P photodiode responses for the 15 February 2010 research flight. 
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